





The Butterfly Effect: An 
investigation of sealer penetration, 
adaptation and apical crack 
formation in filled root canals. 
 
 
Assil Amir Russell 
A thesis submitted for the degree of 
Doctor of Clinical Dentistry 
 (Endodontics) 
Department of Oral Rehabilitation 
School of Dentistry, 








Background The butterfly effect is an optical phenomenon seen in some root cross-
sections and is related to density and direction of dentinal tubules. 
 
Aim The aim of the present study was three-fold. (i) To investigate the quality of 
adaptation and depth of penetration of root canal sealers (AH Plus®, EndoREZ®, Kerr 
Pulp Canal Sealer®, MTA Fillapex®) and obturation material (ProRoot® MTA) into the 
bucco-lingual and mesio-distal aspects of roots with and without the butterfly effect. (ii) 
To investigate apical cracks in roots which exhibit the butterfly effect and undergo 
apical resection and ultrasonic root-end cavity preparation. Finally, (iii) the effect of 
obturation material on crack formation was also studied. 
 
Methodology 120 extracted single-rooted teeth were decoronated at the cemento-
enamel junction. Roots were viewed under a light microscope (x10) and coded 
according to the presence or absence of the butterfly effect. Canals were prepared using 
ProTaper Next files to size X3. Debris was removed using 15% EDTA and 5.25% 
NaOCl. 100 roots randomly assigned to five obturation groups (gutta-percha (GP) with 
AH Plus®, GP with EndoREZ®, GP with Kerr Pulp Canal Sealer®, GP with MTA 
Fillapex®, and ProRoot® MTA alone). Each group contained 10 butterfly, and 10 non-
butterfly roots. Control groups of (10 butterfly and 10 non-butterfly) prepared roots 
were used to confirm smear layer removal. Roots were embedded in resin such that the 
apical third was exposed. Forty roots (20 GP with AH Plus® and 20 ProRoot® MTA) 
were resected perpendicular to their long axis, 3 mm from the apex and cavities cut 
using ultrasonic retrotips. Resin replicas were used for crack imaging with scanning 
electron microscopy (SEM). 100 roots were then cut horizontally to yield coronal and 
middle sections. Sections were observed with confocal laser scanning microscope 
(CLSM) (x10) and “bird’s eye-view” images taken. Depth of penetration was measured 
using Image J software (National Institute of Health, Bethesda, MD, USA). Sections 
were then observed with SEM (x400) and images taken from the dentine-sealer or 
ProRoot® MTA interface. Adaptation was scored as good, reasonable, poor or absent. 
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Statistical analyses were completed with Stata 13.1 (StataCorp, College Station, TX, 
USA). 
 
Results Teeth with the butterfly effect had greater mean penetration bucco-lingually 
(766.25 µm) compared with mesio-distally (184.09 µm), a significant difference (P = 
0.003). In contrast, teeth without the butterfly effect had no significant difference 
between bucco-lingual (385.78 µm) and mesio-distal (387.03 µm) penetrations (P = 
0.98). Teeth with the butterfly effect had significantly greater penetration bucco-
lingually compared to teeth without the effect (P = 0.01) and significantly less 
penetration mesio-distally (P = 0.008). 
 
Coronal sections had the greatest mean penetration (430.79 µm) compared with middle 
sections (247.25 µm), a significant difference (P = 0.006). Adaptation was also 
significantly more favourable in coronal sections (78% good or reasonable) than middle 
sections (57% good or reasonable) (P = 0.0012). Depth of penetration and quality of 
adaptation varied between the sealer groups and ProRoot® MTA, however these did not 
reach significance. 
 
Following root-end resection and cavity preparation, cracks occurred more frequently in 
teeth with the butterfly effect (80%) compared to those without (20%), a significant 
difference (P = 0.001). Most cracks (73%) ran bucco-lingually. Teeth obturated with 
MTA developed fewer cracks (40%) compared to those obturated with GP and AH 
Plus® (60%), but this was not significant.   
 
Conclusion The butterfly effect influences sealer penetration and adaptation inside root 
canals. Roots with the butterfly effect have greater penetration bucco-lingually. This 
may enhance entombment of bacteria, which could lead to improved treatment 
outcomes. Root-ends with the butterfly effect have a significantly higher number of 
bucco-lingual cracks following resection and ultrasonic root-end preparation. This 
might explain the development of some vertical root fractures, which usually run bucco-
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1.0   Introduction   
 
Chronic apical periodontitis is a sequel to bacterial infection of the pulp and root canal 
system (Kakehashi et al. 1965, Sundqvist 1976, Möller et al. 1981). The principle goal 
of root canal treatment (RCT) is the elimination of disease-causing microbes from the 
root canal system. The use of a sealer during obturation is important to minimize voids 
between the core filling material and the canal wall, and to seal dentinal tubules and 
lateral canals. In the absence of a sealer, root canal fillings may leak, leading to failure 
of treatment. There are many sealers on the market and, adaptability and penetration of 
the material into dentinal tubules are important properties differentiating them. 
Penetration refers to the amount of sealer entering the dentinal tubules and adaptation 
quality describes the way in which the sealer conforms to the dentine wall. 
 
The penetration and adaptation of a sealer depends on many factors such as its viscosity 
and the patency and density of the dentinal tubules. Some teeth exhibit an optical 
phenomenon known as the “Butterfly Effect” and have a significantly higher density of 
dentinal tubules in the bucco-lingual direction compared with the mesio-distal (Russell 
et al. 2013). The presence of the butterfly effect may impact on the behaviour of sealers 
inside root canals (Russell et al. 2013). Research on teeth with this pattern of tubular 
density is lacking. A review of the literature from 1931 to 2017 using PubMed, reveals 
no previous studies on the topic of sealer penetration and adaptation in teeth with the 
butterfly effect. The aim of this study was to investigate the penetration and adaptation 
of common types of root canal sealers (AH Plus®, Kerr Pulp Canal Sealer®, MTA 
Fillapex® and EndoREZ®) and obturation material (ProRoot® MTA) in cross-sections of 
tooth roots exhibiting the butterfly effect and to determine if this differs between 
coronal and middle root sections.  It was hypothesized that teeth with the butterfly effect 
will have greater sealer penetration bucco-lingually and that coronal sections will have 
greater penetration than middle sections. 
 
Most vertical root fractures (VRFs) occur in root filled teeth, and they usually run in a 
bucco-lingual direction. Teeth with the butterfly effect could be more prone to 
developing cracks in this direction due to their significantly higher dentine hardness 
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mesio-distally (Russell et al. 2014). This is important during apical surgery, as the use 
of ultrasonic retrotips for root-end preparation can lead to increased formation of cracks 
in dentine (Saunders et al. 1994, Abedi et al. 1995, Layton et al. 1996). Such cracks 
could promote microleakage and may propagate to form VRFs (Morgan & Marshall 
1999, De Bruyne & De Moor 2008).  
 
In recent years, a variety of canal obturation materials have become available, with 
some claiming to have superior properties such as the ability to strengthen teeth and 
minimise VRF. Roots filled with MTA demonstrate a higher resistance to VRF than 
those filled with gutta-percha (GP) and sealer (El-Ma’aita et al. 2014).  Research on 
crack formation in teeth with the butterfly effect is lacking and its potential clinical 
relevance warrants investigation. The aim of this study was to investigate apical crack 
formation following root-end resection and preparation in teeth with and without the 
butterfly effect and to determine whether crack formation is influenced by obturation 
material. It was hypothesized that teeth with the butterfly effect will develop more 


















2.0 Literature review 
2.1 Dentine and the Butterfly Effect 
 
The “Butterfly Effect” was photographed by Beust in 1931 as an optical phenomenon 
that occurs in some cross-sections of tooth roots. It has been attributed to dentinal 
tubular sclerosis which differs in the mesio-distal and bucco-lingual directions. This 
produces a characteristic butterfly shape (Figure 2.1) in transverse sections of the roots 
caused by the different shades of dentine (Beust 1931, Vasiliadis et al. 1983, Russell et 
al. 2013). The presence of sclerotic dentine causes light to refract and scatter (Vasiliadis 
et al. 2011).  A decrease in the number of dentinal tubules results in greater light 
transmission to give a translucent appearance (Van Huysen 1960, Burke & 
Samarawickrama 1995). The exact mechanism behind dentine translucency remains 
unclear (Vasiliadis et al. 2011). 
 
In 2013, Russell and colleagues used scanning electron microscopy (SEM) to 
investigate the density of dentinal tubules in single rooted teeth with the butterfly effect 
in coronal, middle and apical root sections (Figure 2.2). Three age groups were included 
in the study (15-24 years, 25-44 years and 45 years and over). The effect was found at 
all root levels and the mean tubule density was significantly higher bucco-lingually 
(45,348 mm-2) compared to mesio-distally (12,605 mm-2), irrespective of patient age (P 
= 0.02) (Russell et al. 2013). It was suggested that the performance of root canal sealers 
might be negatively influenced by the presence of fewer tubules mesio-distally. 
Theoretically, teeth with the effect should demonstrate less sealer penetration in this 
direction. Furthermore, there is potential disruption of resin tag formation of some 
resin-containing sealers and hence micro-mechanical retention in teeth with the butterfly 
effect.   
 
Subsequent work has shown that the butterfly effect is associated with significantly 
greater dentine hardness mesio-distally (mean 83.7 kgf/mm2) compared with bucco-
lingually (56.4 kgf/mm2) (P = 0.028), and this was similar for all age groups (Russell et 
al. 2014). This may suggest that single rooted teeth with the effect are more prone to 
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crack formation, propagation and ultimately fracture in a bucco-lingual direction, as is 































Figure 2.1 A root section under a light microscope (x 10) showing 
the butterfly effect (Russell et al. 2013). 
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Figure 2.2 SEM images (x850) of a canal lumen of a tooth with the butterfly effect, 





2.1.1 Dentine microstructure  
Dentine forms the internal bulk of mineralised tissue of teeth. In terms of volume, 50% 
of dentine is composed of mineral apatite crystals. This inorganic component is rich in 
carbonate and deficient in calcium (Marshall 1993, Marshall et al. 1997). The remaining 
constituent of dentine is 30% organic (primarily type I collagen and smaller portions of 
other proteins) and 20% fluids (Nanci 2008). Dentine in the crowns of teeth is termed 
coronal dentine whereas dentine in roots of teeth is known as radicular dentine.  
Dentine normally surrounds the pulp of the tooth forming a dynamic dentine-pulp 
complex. Unique to dentine microstructure is a complex network of dentinal tubules 
which run from the inner pulp to the outer dentine-enamel junction (DEJ) (in coronal 
dentine) and cementum-dentine junction (CDJ) (in radicular dentine) in an ‘S’ shaped 
formation. The lumen of dentinal tubules is encircled by highly mineralized dentine 
known as peritubular dentine. On the other hand, intertubular dentine is found between 
tubules and consists of interwoven collagen fibres with deposits of apatite crystals 
(Nanci 2008). Dentinal tubules represent the tracts of odontoblasts and are formed 
during dentinogenesis. Odontoblasts lining the dentine-pulp interface often have long 
processes that extend into the dentinal tubules. The tubules are usually patent and filled 
with tissue fluid (Brännström 1972). 
Dentinal tubules allow diffusion of nutrients within the dentine and also provide a 
passage for pathogenic microbes and their by-products between the dentine and the 
pulp. Microbial infection is the main cause of pulp and periapical disease (Kakehashi et 
al. 1965, Möller et al. 1981).  The passage of microbes through dentinal tubules can 
lead to pulp inflammation, infection and if untreated, subsequent necrosis. The presence 
of microbes within dentinal tubules has been well documented. Ando and Hoshino 
(1990) studied carious teeth and reported the presence of viable bacteria in dentine 
collected from areas at a distance of 0.5 to 2 mm from the root canal-dentine boundary. 
Sen et al.  (1995) used SEM and found bacteria and yeasts (Candida) penetrated the 
dentinal tubules in a range from 10 to 150 µm. Peters et al. (2001) highlighted that 
dentinal tubules can act as a reservoir for residual infection and found viable bacteria 
penetration up to 375 µm into the dentine of teeth with apical periodontitis. In trauma 
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cases resulting in damage to the cementum and infection of the pulp, bacteria 
penetrating the dentinal tubules may contribute to external inflammatory resorption of 
roots (Andreasen 1981). Given this, a favourable property of restorative materials and 
root canal sealers is the ability to seal the dentinal tubules preventing ingress of  
microbes thereby reducing the risk of pulp pathosis or reinfection of treated canals 
(Grossman 1982). 
 
2.1.2 Dentinal tubule density and distribution 
Dentine permeability is intimately related to the density and distribution of dentinal 
tubules (Mjör & Nordahl 1996, Pashley et al. 1981) which differs between coronal and 
radicular dentine. The number and density of dentinal tubules is greater in coronal 
dentine and decreases progressively towards the apical third of radicular dentine 
(Carrigan et al. 1984, Ponce et al. 2001, Hauman et al. 2011). In both coronal and 
radicular dentine, studies have reported a higher density of dentinal tubules per square 
millimetre (mm2) close to the pulp compared with near the DEJ (Garberoglio & 
Brännström 1976, Mjör & Nordahl 1996, Pashley 1989, Ponce et al. 2001).   
The overall arrangement of dentinal tubules is a reflection of the path taken by 
odontoblasts during dentinogenesis. In coronal dentine, tubules are closer together and 
have a characteristic S-shaped curvature, compared with radicular dentine where tubules 
are fairly straight (Garberoglio & Brännström 1976, Mjör & Nordahl 1996). The 
dentinal tubules are not smooth pipes, but rather have irregular walls with many lateral 
branches and micro-channels connecting them (Pashley 1989, Mjör & Nordahl 1996).  
The tubule openings appear nearly circular in shape at the pulp chamber wall and 
become more oval shaped and irregular towards the apical third of radicular dentine 
(Ponce et al. 2001). The diameter of dentinal tubules is widest near the pulp and 
narrows towards the external tooth surface (Garberoglio & Brännström 1976). Ponce et 
al. (2001) highlighted that because of the variation in diameter along the length of 
tubules and their irregular shape, particularly in the apical root area, it may be more 
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useful to consider surface area as an alternative, more reliable measurement. They 
reported that the percentage of area occupied by the dentinal tubules per mm2 of dentine 
was significantly higher at the inner pulp-dentinal surface compared with the outer. 
Furthermore, the overall surface area decreased towards the apical root region (Ponce et 
al. 2001). 
 
2.1.3 Dentine sclerosis and age  
 
Variation in dentinal tubule diameter can be explained by the pattern of deposition of 
dentine within the lumen which occurs from the outer peripheral ends of tubules 
towards the pulp (Tronstad 1973). Carrigan et al. (1984) reported greater formation of 
peritubular dentine with age leading to a progressive decrease in the diameter of tubules 
and their eventual obliteration. Their SEM study showed that the number of dentinal 
tubules decreased significantly with increasing age and in an apical direction (Carrigan 
et al. 1984).  
Kvaal et al. (1994) highlight that total occlusion of dentinal tubules does not normally 
occur in teeth less than 45-years-old. Dentinal tubules have been reported to remain 
patent for long periods (Kvaal et al. 1994). Nevertheless, the calcification of dentinal 
tubules and their obliteration is due to the formation of sclerotic dentine, which has a 
semi-translucent appearance similar to frosted glass (Vasiliadis et al. 1983).  Although 
dentinal sclerosis can occur in teeth of all ages, in young healthy teeth (10-20 years) it is 
reported to occur predominantly in the apical root area (Stanley et al. 1983). However, 
young teeth with the unique pattern of dentinal sclerosis in the mesio-distal direction 
(giving rise to the butterfly effect) were found to have it throughout the length of their 
roots (Russell et al. 2013). Dentinal sclerosis and the reduction in diameter of tubules 
may be important clinically as these areas of dentine theoretically have a reduced 













Figure 2.3 A root section under a light microscope (x 10) showing the butterfly effect 
(mesio-distal sclerosis) in a young tooth (22-year-old patient) at mid-root level.  
 
 
2.2 Root canal sealers 
 
Sealing of the root canal from the apical tissues and oral bacteria is important for 
healing after teeth are root filled. The use of a sealer during the obturation stage, 
regardless of core material choice, is generally accepted as common practice (Saleh et 
al. 2003). Sealers are required to fill voids between the core filling material and the 
canal wall (Chandler 2010). Core filling materials such as GP are unable to adhere to 
dentine and thus sealers are necessary to ensure an adequate seal along the length of the 
root canal space between the filling and dentine (Ersahan & Aydin 2010).  In the 
absence of a sealer, root canal fillings leak (Hata et al. 1992, Wu et al. 2000). Leakage 
compromises the integrity of the root filling and leads to reinfection of the root canal 
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system and ultimately persistent or emerging endodontic disease (Friedman 2002). 
Furthermore, it has been well established that, given the complex anatomy of root canal 
systems, current chemo-mechanical debridement and preparation protocols are unable to 
achieve completely sterility (Vertucci 1984, Bystrom & Sundqvist 1985, Burleson et al. 
2007). At best we aim to reduce the bacterial load within an infected root canal system 
as much as possible. Bacteria are able to remain viable, including within dentinal 
tubules, creating a reservoir of residual infection (Ando & Hoshino 1990, Sen 1995, 
Peters et al. 2001). Thus sealers play an important role by sealing the root canal system 
and potentially entombing any remaining microbes. Sealers aid in creating an 
inhospitable environment for microbial growth within the root canal system (Ørstavik 
2005). Therefore, appropriate sealer choice has the potential to positively influence the 
outcome of root canal treatment.  
 
 
2.2.1 Properties of sealers 
 
Many sealers are available and differ in their physical and chemical properties. 
Favourable properties include dimensional stability, antimicrobial activity, 
biocompatibility and adequate adhesive and cohesive strength (Kontakiotis et al. 1997, 
Slutzky-Goldberg et al. 2008). The ideal properties of a sealer were first highlighted by 
Grossman (1982) and are summarised in Table 2.1. Most sealers are limited by their 
propensity for shrinkage and dissolution (Wiener & Schilder 1971, Ørstavik 1983a, 
Zhou et al. 2013). This can lead to the formation of gaps which promote leakage. The 
effect of sealer shrinkage may be counteracted to some extent by expansion of GP with 
time (Wu et al. 2000). Given their physical limitations, it is usually recommended that 
only a thin layer of sealer be applied to minimise potential leakage (Kontakiotis et al. 







Table 2.1 Requirements for ideal root canal sealers (adapted from Grossman 1982) 
 
Ideal sealer properties  
1. Tacky when mixed to provide good adhesion between sealer and the canal wall. 
2. Form a hermetic seal. 
3. Radiopaque to allow visualisation on a radiograph. 
4. Fine powder particles to enable easy mixing with liquid. 
5. Dimensionally stable (does not shrink on setting). 
6. Have colour stability (should not discolour dentine). 
7. Bacteriostatic and not encourage bacterial growth. 
8. Slow setting time. 
9. Insoluble in tissue fluid. 
10. Biocompatible (tolerated by periapical tissue and does not elicit an immune 
response). 
11. Soluble by common solvents to enable removal during retreatment . 
 
 
2.2.2 Types of sealers 
 
Sealers can be classified according to their chemical make-up and fall into one of  
six groups; resin sealers, zinc oxide–eugenol sealers, calcium hydroxide sealers, glass 
ionomer sealers, silicone-based sealers and calcium silicate-based sealers. 
Glass ionomer and silicone-based sealers are rarely used in practice. This study will 
investigate the penetration and adaptation of four commonly used sealers from the resin, 
zinc oxide-eugenol and calcium silicate groups. The following is an overview of 
literature on these sealer groups.   
 
Epoxy resin sealers - AH Plus 
The elimination of bacteria from the root canal is crucial for healing. Some sealers, such 
as the epoxy resin based AH26® and AH Plus® (Dentsply DeTrey) have some 
antibacterial effect (Heling & Chandler 1996, Siquiera et al. 2000). The bactericidal 
effect of AH Plus® has been attributed to the release of bisphenol-A diglycidyl ether 
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(mutagenic) and/or formaldehyde during polymerisation (Schweikl et al. 1998, 
Leonardo et al. 1999, Slutzky-Goldberg et al. 2008). Interestingly, AH Plus® was 
introduced as a replacement for AH 26® with the claim that it does not release 
formaldehyde (a cytotoxic irritant to vital tissues). However, this has been refuted and 
the release of formaldehyde from AH Plus® has been demonstrated (Lenoardo et al. 
1999). Literature reports conflicting results about the mutagenic potential of AH Plus® 
in the unset and set condition. For example, a comprehensive screening using in vitro 
and in vivo assays yielded no indication that this sealer may be mutagenic in the set 
condition (Leyhausen et al. 1999). However, other studies report weak mutagenic 
activity in unset sealer and up to 24 hours after mixing (Schweikl et al. 1998, Jukic et 
al. 2000). Similar disagreement between studies exists regarding the antibacterial effect 
of AH Plus® against E. faecalis. Some studies report that AH Plus® has a limited 
antibacterial effect (Siquiera et al. 2000, Pizzo et al. 2006), whereas others report no 
effect (Mickel et al. 2003, Slutzky-Goldberg et al. 2008, Gong et al. 2014). The low 
antimicrobial effect of AH Plus® against E. faecalis might be attributed to the minimal 
amount of formaldehyde released over time (Leonardo et al. 1999). It has been 
suggested that incorporating AH Plus® with other compounds such as quaternary 
ammonium material may enhance its antibacterial action against E. faecalis (Gong et al. 
2014). 
 
AH Plus® remains widely used in root canal treatment. It consists of an epoxide paste 
and amine paste system, which is delivered in two tubes and undergoes a 
polymerization reaction when mixed. According to the manufacturers, the mixed and 
polymerised AH Plus® has a filler content of 76% by weight which includes radio-
opaque fillers. The remaining constituents are polymers, Aerosil, and pigment. AH 
Plus® contains finely ground calcium tungstate with an average particle size of 8 µm 
and zirconium oxide with particle size of 1.5 µm, giving it a film thickness of about 26 
µm, which is in the range specified by ISO standards (6876/2012) for root canal 
materials (below 50 µm). Schafer & Zandbiglari (2003) investigated the dimensional 
stability of eight root canal sealers. AH Plus® was reported to have significantly lower 
weight loss in water and in artificial saliva with various pH values, independent of the 
solubility medium used. Low solubility is an important property for root canal sealers as 
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the integrity of a sealer influences the longevity of a bacteria-tight seal (Grossman 1982, 
Nguyen 1994). Degradation of a sealer may result in voids at the sealer-dentine and/or 
sealer-GP interface which could in turn allow entrance and growth of microorganisms 
compromising treatment outcome (Nguyen 1994, Schafer & Zandbiglari 2003). 
Furthermore, a dimensionally stable sealer is favourable to avoid the potential seepage 
of material from the root canal into the periapical tissues where it may produce an 
undesirable immune response (Ørstavik 1983a). 
 
AH Plus is a hydrophobic material and traces of moisture (wet dentine) negatively 
affect its adhesion to canal walls. The adhesiveness of AH Plus® to root dentine may be 
based on the formation of a covalent bond by an open epoxide ring to exposed amino 
groups in the collagen network (Lee et al. 2002). 
 
Resin sealers- EndoREZ®- urethane-dimethacrylate resin 
Resin sealers such as EndoREZ® (Ultradent, South Jordan, UT, USA) have been shown 
to exhibit deeper penetration into dentinal tubules than conventional non-resin sealers 
(Sen et al. 1996, Kim et al. 2010, Chandra et al. 2012). Some have the ability to bond 
simultaneously to the dentine wall and core filling material forming a “monoblock” 
structure which may enhance strength and sealability of the root filling (Kim et al. 
2010, Pameijer & Zmener 2010). EndoREZ® is a urethane-dimethacrylate (UDMA) 
resin-based, dual-curing self-priming sealer. EndoREZ® bonds well to root canal walls 
but not to GP, which constitutes a potential weakness, as a path for bacterial leakage 
may exist (Zmener & Pameijer 2007). The ability of resins to create a reliable seal has 
been widely debated. Some studies report no difference in sealing ability between 
methacrylate resin sealers and conventional sealers (Pitout et al. 2006, Shemesh et al. 
2007, Williamson et al. 2009) whereas others report that conventional sealers provide a 
better seal (Paque & Sirtes 2007). This has been attributed to the polymerization 
shrinkage associated with methacrylate resin sealers which creates gaps in the sealer 
dentine interface resulting in microleakage (Kim et al. 2010).    
 
According to the manufacturers, EndoREZ® is biocompatible and does not elicit an 
adverse tissue response. However, as with AH Plus®, the literature is divided. It has 
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been reported that EndoREZ® can cause an adverse inflammatory response when 
extruded beyond the apical foramen during root canal treatment (Suzuki et al. 2010). 
Scarparo et al. (2009) indicated that EndoREZ® had a more intense and longer-lasting 
inflammatory response in the subcutaneous connective tissue of rats compared to AH 
Plus. On the other hand, a study in which EndoREZ® was implanted into the bone of 
rats reported that an initial inflammatory reaction resolved after 60 days, indicating that 
after initial irritation the sealer does not interfere with normal bone healing (Zmener 
2004, Zmener et al. 2005). 
 
A potential limitation associated with this sealer is that its application is technique- 
sensitive. EndoREZ® is hydrophilic and so dentine needs to be “moist” to enable the 
penetration of resin tags into dentinal tubules and the formation of a hybrid layer with 
collagen fibres (Pameijer & Zmener 2010). However, if dentine is too wet, water 
droplets may become entrapped in the sealer disrupting the polymerisation process and 
ultimate bond formation. The ideal moisture level is often difficult to achieve in clinical 
practice.  
 
According to the manufacturers, EndoREZ® has the same radiopacity as GP.  
Beyer-Olsen and Ørstavik (1981) described a method to determine radiopacity of 
sealers using incremental 2 mm aluminium wedges. According to ISO standard 
(6876/2012) the recommended radiopacity of a root canal sealer should be at least that 
of a 3 mm thick aluminium wedge. Tanomaru-Filho and colleagues (2007) investigated 
the radiopacity of different sealers and reported that AH Plus® was more radiopaque 
than EndoREZ®. Zinc oxide-eugenol and calcium silicate-based sealers also have 
radiopacity values above the minimum ISO standard (Tanomaru et al. 2009). 
Radiographs can be taken to check the quality (length and condensation) of obturated 
canals and identify sealer extrusion beyond the apex. 
 
Zinc oxide-eugenol sealers- Pulp Canal Sealer® 
Zinc oxide-eugenol (ZnOE)-based sealers are effective at inhibiting bacterial growth 
and exerting a persistent bactericidal effect for 24 hours after mixing (Pizzo et al. 2006). 
This effect has been attributed to the free eugenol released from the set sealer, which is 
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a potent antimicrobial agent (Pizzo et al. 2006). Importantly, the same free eugenol has 
been reported to have a cytotoxic effect when in direct contact with vital tissue (Araki et 
al. 1993). ZnOE has been reported to induce inflammation by activating the 
complement cascade (Serene et al. 1988). Interestingly however, Pulp Canal Sealer® 
(Kerr, Romulus, MI, USA) a ZnOE-based sealer was deemed biocompatible in a 
histological study in which it was implanted into the mandibles of rabbits (Pertot et al. 
1992). Nevertheless, as with all sealers, the application of ZnOE-based sealers should 
be limited to the root canal and caution taken not to extrude beyond the apical foramen 
during obturation (Markowitz et al. 1992).  
 
A study investigating the adhesive properties of sealers reported that Pulp Canal Sealer® 
bonded poorly to dentine but well to GP (Lee et al. 2002). The significant difference in 
bond strength was ascribed to the eugenol in the sealer reacting with the zinc oxide in 
GP to create a strong chelate bond (Lee et al. 2002). Furthermore, the authors suggested 
that eugenol in excess may soften GP increasing the sealer to GP interface. However, 
ZnOE sealers have been found to be dimensionally unstable. Ørstavik (1983a) carried 
out a solubility test and reported that ZnOE sealers showed some weight loss. This was 
attributed to the instability of the zinc eugenolate matrix and the presence of potentially 
soluble additives within the sealers which may leach into the periapical tissues.  
 
Calcium silicate sealers- Mineral Trioxide Aggregate  
Mineral trioxide aggregate (MTA) has been widely applied in endodontics. It has been 
used in the treatment of root perforations, as a pulp capping material and during 
pulpotomy and apexification procedures (Roberts et al. 2008). MTA is also available 
for use in root canal sealers such as MTA Fillapex® (Angelus, Parana, Brazil) and as a 
sole obturation material such as ProRoot® MTA (Dentsply/Tulsa Dental, Tulsa, OK, 
USA). The chemical make-up of MTA is essentially that of refined Portland cement and 
it was patented by Torabinejad and White in 1994. The main components are tricalcium 
silicate, dicalcium silicate, tricalcium aluminate, tetracalcium aluminoferrate and 
hydrated calcium sulphate (Torabinejad 1995a). MTA also contains bismuth oxide, 
which accounts for its radiopacity (Roberts et al. 2008, Tanumora et al. 2009, Berzins 
2014). MTA is usually formulated as a powder and liquid and may be grey or white. 
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MTA Fillapex® root canal sealer is a two paste system and contains 13.2% MTA and 
salicylate resin.   
 
MTA sealers have been found to have effective antimicrobial activity (Tanomaru et al. 
2007).  Parirokh & Torabinejad (2010) reported that the antibacterial and antifungal 
properties of MTA varied depending on its powder-to-liquid ratio. Other favourable 
properties of MTA include its high biocompatibility, insensitivity to moisture and blood 
contamination and bioactivity. It has a long setting time, high pH, and low compressive 
strength (Parirokh & Torabinejad 2010).  Directions for use of MTA Fillapex® sealer 
specify a working time of 35 minutes and minimum setting time of two hours. Studies 
report a wide variation of MTA setting times from as little as 50 minutes (Kogan et al. 
2006) to 165 minutes or more (Torabinejad et al. 1995a). Such variations are due to 
differences in properties between different MTA products.  
 
Moisture is critical for the setting of MTA and also for establishing its optimal 
properties. However, deficient or excessive moisture could be detrimental. Excess 
moisture may cause increased porosity and washout of MTA during setting or cause 
material degradation with a decrease in strength in set MTA (Walker et al. 2006). 
Practitioners should be aware that moisture from the tooth or surrounding tissues may 
aid the setting of MTA clinically (Berzins 2014). Nevertheless, MTA performs better in 
a wet environment compared with a dry one (Berzins 2014). Availability of water will 
also dictate other properties such as expansion, where the primary mechanism is via 
water sorption prior to setting (Gandolfi et al. 2009). The expansion of MTA on setting 
is favourable to improving sealability, potentially allowing the sealer to penetrate 
further into dentinal tubules. However, this may exert pressure on dentine walls and the 
potential for micro-crack formation or propagation is unclear.  
 
In terms of biocompatibility, MTA is well tolerated by tissues and may induce 
regeneration of hard tissue. Histological analysis of the healing of intentional root 
perforations repaired with MTA showed no inflammation, with deposition of cementum 
over MTA in the majority of specimens (Holland et al. 2001). Interestingly however, 
MTA Fillapex® sealer, despite having MTA composition showed no superiority in 
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terms of inflammatory reaction when compared to AH Plus® and other root canal 
sealers (Tavares et al. 2013). Another subcutaneous implantation study reported a 
severe inflammatory reaction to MTA Fillapex® even at 90 days after implantation 
(Zmener et al. 2012). This has been attributed to the salicylate resin component of the 
sealer, not present in other MTA formulations. Zmener et al. (2012) suggested that the 
inflammation could be caused by the degradation of unpolymerised resins creating toxic 
byproducts that may leach into the surrounding tissue. 
 
The bioactivity of MTA has been attributed to its setting reaction which produces 
calcium hydroxide and calcium silicate hydrate (Holland et al. 2001, Berzins 2014, 
Bogen et al. 2014). It is anticipated that release of calcium and hydroxyl ions from the 
set MTA will result in the formation of apatites as it comes into contact with phosphate-
containing fluids. Calcium silicate hydrate is also thought to be bioactive and contribute 
to apatite crystal formations. When MTA is used as a root canal sealer and compacted 
against dentine, a dentine-MTA layer forms in the presence of phosphate. This layer 
resembles hydroxyapatite and MTA can occlude and penetrate dentinal tubules 
(Parirokh & Torabinejad 2014).  
 
Furthermore, MTA has been reported to stimulate mineralisation and hard tissue 
formation by inducing differentiation and migration of cells (Gomes-Filho et al. 2009). 
Recently, an SEM study by Yoo and colleagues reported that MTA used in orthograde 
obturation of root canals was able to entomb bacteria (E. facecalis) within the dentinal 
tubules by an intratubular mineralisation effect. Over time, MTA induced 
hydroxyapatite crystalline growth inside dentinal tubules (Yoo et al. 2014). This 
property of MTA is favourable and creates an environment inhospitable to microbial 
growth. However, such mineralisation means MTA may be difficult to remove in cases 
where retreatment is required (Boutsioukis et al. 2008).  
 
Other potential limitations of MTA sealers include their sandy texture, extended setting 
time and their propensity to discolour teeth (Watts et al. 2007, Boutsioukis et al. 2008, 
Parirokh & Torabinejad 2014). Continued development of MTA sealers may overcome 
such limitations. Nevertheless, the application of MTA should ideally be restricted to 
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radicular dentine and caution taken when it is used in areas of aesthetic concern. It may 
be prudent for clinicians to warn patients of possible discolouration as part of the 
informed consent discussion.   
 
 
2.2.3 Sealer penetration and adaptation 
 
The depth of sealer penetration into dentinal tubules and its adaptability to the intracanal 
dentine wall may be associated with improved sealing ability of root canal fillings. 
Deeper penetration and greater adaptability to dentine could influence sealability by 
allowing an increase in the contact surface area between filling and dentine. 
 
Depth of penetration can differ according to the location within the root. Deeper sealer 
penetration has been observed in the cervical and middle third of the root compared to 
the apical third (Weis et al. 2004, Balguerie et al. 2011). This could be related to the 
density of dentinal tubules, which decrease from the cervical third to the apical third of 
the root (Carrigan et al. 1984, Ponce et al. 2001). Morever, the apical portion of a root 
is associated with greater irregularities and dentinal sclerosis (Stanley et al. 1983). 
Interestingly, Weis and colleagues (2004) investigated the depth of sealer penetration 
when different obturation techniques were used. They found no significant difference in 
penetration between cold lateral condensation and warm obturation techniques such as 
continous wave. The study also reported that some teeth exhibited greater sealer 
penetration in the bucco-lingual direction. However, these authors did not comment on 
the presence of sclerosis or the butterfly effect in these teeth (Weis et al. 2004).  A 
recent study by Jeong et al. (2017) investigated penetration of a calcium silicate-based 
root canal sealer over three obturation groups (single cone, vertical condensation and 
warm vertical condensation) and also reported that sealer penetration into the dentinal 
tubules occurred independently of the obturation technique. 
 
Studies investigating the link between depth of sealer penetration and microbial leakage 
are limited. Sen et al. (1996) used SEM to investigate sealer penetration in a linear dye 
leakage model. They found no significant relationship between sealer penetration and 
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leakage. De-Deus et al. (2012) used glucose leakage models and also found no 
correlation between sealer penetration and leakage. The different methods used by 
studies to test microleakage highlights the lack of a universally accepted technique to 
investigate root canal seal (Wu & Wesselink 1993). Leakage studies often report 
conflicting results. Some sealers are found to produce a superior seal when one model is 
used and an inferior seal in another model (Wu & Wesselink 1993). This variability and 
lack of reproducible methodology limits the usefulness of leakage studies (Wu & 
Wesselink 1993). Another limitation is that leakage studies often do not specify which 
interface is leaking (GP/sealer or sealer/dentine). Lee et al. (2002) reported that some 
sealers adhered better to dentine than GP whereas others adhered more to GP than 
dentine. Leakage may occur at different interfaces depending on which sealer is used 
(Lee et al. 2002). 
 
Sealer penetration is a favourable property and improves the quality of root fillings 
(Saleh et al. 2003, Kokkas et al. 2004). The retention of the core material might also be 
enhanced by micro-mechanical interlocking provided by some sealer tags into dentinal 
tubules.  Furthermore, a deeper penetration of a sealer into tubules may bring it into 
close contact with remaining bacteria, promoting the antimicrobial effects found in 
some sealers (Kokkas et al. 2004). Studies investigating the antimicrobial effects of 
calcium hydroxide-based sealers have consistently reported that the effect is enhanced 
over time (Heling & Chandler 1996, Slutzky-Goldberg et al. 2008). This could be 
explained by an increase in depth of sealer penetration into dentinal tubules with time. 
 
 
2.3 The smear layer  
 
Mechanical instrumentation of root canals produces an irregular granular layer of 
organic and inorganic debris known as the smear layer (McComb & Smith 1975, 
Czonstkowsky et al. 1990). Constituents of the smear layer include pulp tissue remnants, 
odontoblastic processes, bacteria and their by-products (McComb & Smith 1975, 
Czonstkowsky et al. 1990, Violich & Chandler 2010). The smear layer can act as a 
reservoir of bacteria and may contribute to reinfection. The presence of a smear layer 
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can impede the adaption of canal filling materials to dentine walls and prevent 
penetration into dentinal tubules (Czonstkowsky et al. 1990). The effect of the smear 
layer on the penetration depth of sealers has been investigated (White et al. 1984, White 
et al. 1987, Kouvas et al. 1998, Kokkas et al. 2004, Sonu et al. 2016). Where smear 
layer was removed the depth of penetration of sealers into dentinal tubules was greater. 
Kokkas et al. (2004) used SEM to investigate the influence of smear layer on different 
sealers and found that it completely obstructed the entrance of all the sealers into 
dentinal tubules. Comparable studies examining the penetration of sealers and smear 
layer removal reported similar findings (White et al. 1984, White et al. 1987, Kouvas et 
al. 1998, Sonu et al. 2016).  
  
The accepted method of removing smear layer is the alternate use of 
ethylenediaminetetraacetic acid (EDTA) and sodium hypochlorite solutions (NaOCl) 
(White 1984, Violich & Chandler 2010). Goldman et al. (1982) investigated various 
combinations of EDTA and NaOCl to remove smear layer. The study reported the most 
effective final rinse was 10 mL of 17% EDTA followed by 10 mL of 5.25% NaOCl.  
However, Baumgartner and Mader (1987) reported that this sequential use of EDTA 
and NaOCl may cause irregular erosion on root canal walls and at the orifices of 
dentinal tubules causing an increase in their diameter. This erosion may in turn effect 
the microhardness of dentine and so contemporary practice recommends the use of 
EDTA at the beginning and end of preparation.  This is particularly relevant for teeth 
exhibiting the butterfly effect, which have significantly lower hardness scores bucco-
lingually compared to mesio-distally (Russell et al. 2014). It has been suggested that 
dentinal erosion can be minimized by applying EDTA solution for a shorter time or in a 
smaller volume. Serper and Çalt (2002) concluded that the best method appears to be 
the use of a low-concentration EDTA (15%) solution at neutral pH to minimise erosive 
effects. Niu et al. (2002) limited both volume and irrigation time of 15% EDTA. The 
study showed that the surface dentine appeared smooth but not eroded and tubule 
orifices were regular when 15% EDTA was the final irrigant. Use of ultrasonic energy 
to activate NaOCl and EDTA may facilitate smear layer removal (Guerisoli et al. 2002, 



















Figure 2.4 SEM image (x850) of a canal lumen showing patent dentinal tubules and 
tubules blocked by smear layer. 
 
 
2.4 Microscopy techniques  
 
Studies investigating depth of sealer penetration and adaptation have used either SEM 
or CLSM to obtain measurements. The two methods differ in the preparation of 
specimens, with SEM requiring extensive dehydration. This may lead to artefact 
formation and loss of sealer, potentially influencing the results. Studies using CLSM 
have highlighted this limitation (Patel et al. 2007, De-Deus et al. 2012, Kuci et al. 2014, 
Jeong et al. 2017). At present there are no studies comparing the two microscopy 
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2.4.1 Scanning Electron Microscopy  
 
The scanning electron microscope was invented by Manfred Von Ardenne in 1937. This 
microscope produces images of a specimen by scanning it with a very narrow and 
focused beam of electrons. The electron beam interacts with a very thin metal coating 
applied to the specimen and produces reflected or emitted electrons. These electrons act 
as signals containing information about the surface topography of the specimen. The 
emitted/reflected electrons are captured by a detector that transmits them to amplifiers 
and other devices so that the final signal is projected into a cathode ray tube (monitor), 
resulting in a black-and-white image. Images produced by SEM are termed 
micrographs, they are high resolution and appear to be illuminated from above 





















Figure 2.5  Schematic of SEM components (adapted from Barnes 1972). 
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Although SEM has been widely applied in dental research, the preparation of teeth for 
SEM requires extensive dehydration (Crang & Klomparens 1988). This has been 
associated with unwanted artefacts such as cracks in dentine (Crang & Klomparens 
1988) and shrinkage of filling materials (Sela et al. 1975, Torabinejad et al. 1995b). To 
overcome such limitations it is recommended to use dimensionally stable replicas of 
teeth (Barnes 1972). The replicas are formed by taking working impressions of teeth 
using highly accurate impression materials such as light bodied polyvinylsiloxane and 
pouring them with compatible epoxy resin (Aiach et al. 1984). Epoxy-resin replicas 
have been found to be resistant to the potentially damaging preparation processes of 
SEM (Barnes 1972, Calzonetti et al. 1998). This method was applied in the present 
study to investigate the presence of cracks in resected, prepared root ends. 
 
2.4.2 Confocal laser scanning microscopy  
 
The concept of confocal microscopy was first patented by Marvin Minsky in 1957. Watson 
& Boyde (1987a,b) introduced a method for in vitro assessment of dental operative 
procedures and restorations using the confocal optical microscope. Specimens need not be 
desiccated, which may cause damage, as required for SEM. The technique is relatively 
non-destructive. Furthermore, CLSM allows production of serial optical sections of thick 
samples, eliminating the need for extensive specimen preparation and sectioning, 
minimizing potential damage and artefacts (Pawley 2006). CLSM also enables high 
resolution, real time imaging (the production of an image which can be received 
immediately on a computer screen) and direct eye viewing (Claxton et al. 2006). Using 
immersion objectives, surface reflections are reduced and optical sectioning allows direct 
observation below the surface of a specimen. The confocal microscope can also be used in 
combination with fluorescent dyes and has been used to evaluate restorative interfaces and 
sealer penetration (Watson & Boyd 1987c, Watson 1989, Jeong et al. 2017). Chong (1990) 
first reported the use of confocal microscopy in endodontic research, and the usefulness of 
this microscope in evaluating adaptation and sealing ability has been well demonstrated 
(Chong et al. 1991, 1993, Torabinejad et al. 1993, Owadally et al. 1993, Patel et al. 2007, 
Jeong et al. 2017).  
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The components of a CLSM are illustrated in Figure 2.5. It works by emitting laser light 
(from an excitation source) and passing it through a pinhole aperture that is located in a 
confocal plane with a scanning point on the sample. The laser is first reflected by a 
dichromatic mirror and focused by an objective lens into a small focal volume within or 
on the surface of a specimen. Scattered and reflected laser light passes back through the 
objective lens. A beam splitter separates off a portion of the light into the detection 
apparatus. After passing a pinhole (detector aperture), the light intensity is detected by a 
photodetection device (photomultiplier tube) transforming the light signal into an 
electrical one that is recorded by a computer. The detector aperture obstructs the light 
that is not coming from the focal point. The out-of-focus light is suppressed and blocked 
by the pinhole, which results in sharper image and obtains images of planes at various 



















                  
  
Figure 2.6  Schematic of CLSM components (Claxton et al. 2006)  
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2.5 Apical surgery  
 
2.5.1 Rationale for surgical retreatment 
 
When describing the outcome of RCT, use of the terms “healing” and “disease” have 
been suggested to replace more ambiguous words such as “success” and “failure” (Nair 
2006). Persistent apical periodontitis (PAP) occurs when RCT does not adequately 
eliminate infection and healing is not achieved (Sundqvist et al. 1998, Nair 2006).  PAP 
is characterised by asymptomatic radiolucencies. Treatment factors that lead to PAP 
include inadequate aseptic control, poor access cavity design, missed canals, inadequate 
instrumentation, debridement and leaking temporary or permanent restorations (Nair 
2006). Poorly obturated root canals and in particular root fillings that are too long 
(extruded into periapical tissues) or too short (inadequate preparation of apical root 
canal) are associated with higher rates of persistent disease (Sjögren 1990, Ng et al. 
2007, 2008). Furthermore, even when RCT is carried out to the highest standard 
following strict protocols, PAP may still occur (Nair et al. 1999). This could be 
attributed to the anatomy of apical radicular dentine and the complexity of the root canal 
system (presence of accessory canals, lateral canals, ramifications and anastomoses 
where residual infection can persist) (Vertucci 1984, Nair et al. 1999). 
 
PAP can be divided into three categories; intra-radicular infections, extra-radicular 
infections and non-microbial factors (Nair et al. 1999, Nair 2006). Intra-radicular 
infections are thought to account for the majority of cases of persistent disease and 
account for those arising from inadequate or unsatisfactory primary root canal treatment 
(Nair et al. 1999, Nair 2006). E. faecalis dominates the root canal system in such 
reinfection (Sundqvist et al. 1998). Extra-radicular infections are less common and 
usually appear in the form of periapical actinomycosis (Nair et al. 1999, Nair 2006). 
Non-microbial factors include scars, true cysts and foreign body type reactions 
stimulated by extrusion of filling materials beyond the apex (Nair et al. 1999). 
 
PAP presents a more complex therapeutic situation than apical periodontitis affecting 
teeth that have not undergone RCT. Management of restorable teeth with PAP may 
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involve either non-surgical retreatment, apical surgery or a combination of the two. 
Studies recommend conventional retreatment as a starting point when the root filling 
appears inadequate (Bergenholtz et al. 1979, Pop 2013). Conventional retreatment has 
been associated with lower percentages of healing compared to primary RCT and this 
seems to be partly related to the level of the final root filling in relation to the root apex 
(Table 2.2) (Sjögren 1990). For both primary and retreatment cases, the lowest healing 
rate is observed when the root filling extends beyond the root apex (Sjögren 1990, Ng et 
al. 2007, 2008). Another factor influencing positive treatment outcome is the timely 
placement of a well sealing coronal restoration (Ray & Trope 1995, Farzaneh et al. 
2004, Ng et al. 2008, Gomes et al. 2015). 
 
Table 2.2 Outcome of treatment (percentage of healed lesions) according to the level of 




Apical surgery may be attempted if no signs of healing are apparent following 
observation and when the quality of the primary or retreated root filling and coronal 
restoration is acceptable (Bergenholtz et al. 1979). Ørstavik (1996) reported that for 
primary root canal treatment, signs of healing or emerging chronic apical periodontitis 
could be detected radiographically in the first year after treatment. Complete healing 
however could take up to four years (Ørstavik 1996). On the other hand, a study with an 
observation period of 27 years reported that some retreated teeth, particularly those 
filled beyond the apex, required longer periods of time to show radiographic signs of 










Primary root canal 
treatment 
68% 76% 94% 
Conventional 
retreatment 
65% 50% 67% 
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Studies have also reported lower rates of healing when root filled teeth with large 
periapical lesions were conventionally retreated (Sjögren 1990, Farzaneh et al. 2004). 
Extraradicular infections have been proposed as a possible reason for these observed 
PAP lesions and apical surgery as a supplement to the retreatment has been 
recommended (Sjögren 1990, Sundqvist et al. 1998). Surgical retreatment may also be 
indicated in situations of persistent disease associated with canals that are obliterated, 
severely curved or contain a fractured instrument in the apical third. It may also be 
suggested if access for conventional retreatment is obstructed by the presence of a root 
canal post or a bridge, where removal may lead to functional or financial consequences. 
 
 
2.5.2 Root-end resection and preparation 
 
The aim of surgical retreatment is to create ideal conditions for healing by sealing the 
root canal system from the periradicular tissues. Apical surgery requires the elevation of 
a flap, removal of bone as necessary to expose the root-end, apical resection 
(apicectomy), followed by root-end preparation and filling (Carr 1994). During 
apicectomy the apical 3 mm of root-end is usually removed with a high-speed surgical 
bur. This area has been associated with greater dentinal tubule irregularities and canal 
anomalies making it a difficult region to treat conventionally (Vertucci 1984). 
Traditionally, resections were prepared with a bevel to improve visualisation. However, 
bevelled preparations are not ideal and have been found to expose greater numbers of 
radicular dentinal tubules which could in turn increase the risk of microleakage and 
reinfection following surgery (Tidmarsh & Arrowsmith 1989). The ideal properties of 
root-end preparations have been described by Carr (1994). Root-end preparations 
should have a well cleaned and shaped apical 3 mm of root with removal of all isthmus 
tissue, be parallel to the anatomic configuration of the pulp space, have adequate 
retention for filling materials and not weaken the remaining dentinal walls (Carr 1994, 
Pop 2013). 
 
Ultrasonic instruments have been recommended to achieve ideal cavity design during 
root-end preparations minimising the need for bevels (Carr 1992, Gutmann & Pitt Ford 
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1993). Because of their fine terminus, ultrasonic tips specifically designed for 
preparations are easily placed into the exposed canal crypt and oriented down the long 
axis of the root (Carr 1994). Compared to the use of small round burs, ultrasonic tips are 
able to produce well-defined conservative preparations 3 mm into the root, which are 
parallel to the axial inclination and conform to the configuration of the root canal 
system (Carr 1997, Mehlhalff et al. 1997, Naito 2008). Ultrasonics have also been 
associated with less debris and smear layer production resulting in cleaner root-end 
cavities compared to those prepared with burs (Gutmann et al. 1994). Furthermore, due 
to their slender angled design, ultrasonic tips are able to access the root more readily 
than burs and so require less apical bone removal (Mehlhaff et al. 1997, Naito 2008). 
 
 
2.5.3 Apical crack formation 
 
Despite their favourable properties, ultrasonic instruments are not without limitations. 
Although the literature remains divided, studies have highlighted that use of ultrasonic 
retrotips in root-end preparation can lead to increased formation of microcracks 
(Saunders et al. 1994, Abedi et al. 1995, Layton et al. 1996, Von Arx et al. 2011). Such 
cracks are unfavourable as they could potentially promote microleakage and may even 
propagate to form VRFs (Morgan & Marshall 1999, De Bruyne & Moor 2008).  
Cracking of root-ends was first noted as an incidental finding in a study by Saunders et 
al. (1994). However their study methodology was such that teeth were dehydrated and 
so it is impossible to conclude whether ultrasonic instrumentation or dehydration 
artefacts were involved. Abedi et al. (1995) overcame the problem of dehydration 
artefacts by using resin replicas and SEM of root ends to compare cracking after 
ultrasonic and bur preparations. They found that ultrasonics caused significantly more 
cracks than burs. Another study by Layton et al. (1996) investigated crack formation 
after root resection and root-end preparation using various ultrasonic power settings. 
They reported significantly more canal cracks after root-end preparations than after root 
resection, and that cracking occurred significantly more often with high power. Another 
study investigating power settings reported similar results (Beling et al. 1997).  
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However, an in vitro study by De Bruyne & De Moor (2005) found that lowering the 
power setting produced a greater number of cracks.  
 
Some studies have reported only marginal chipping of the canal dentine and fewer 
cracks following preparation with ultrasound (Waplington et al. 1997, Morgan & 
Marshall 1999). On the other hand, a recent in vivo study reported that ultrasonic root-
end preparations are safe to use on intact roots, but may cause pre-existing cracks to 
propagate (Tawil 2016). No studies have investigated the formation of cracks in the 
bucco-lingual direction of teeth exhibiting the butterfly effect.   
 
 
2.6 Vertical root fractures 
 
A VRF is defined as a longitudinally orientated complete or incomplete crack 
originating from the root at any level (Rivera & Walton 2009). The fracture most likely 
initiates internally from the canal wall and develops outwards to the root surface (Tamse 
2006, Rivera & Walton 2009). It is usually directed bucco-lingually and may involve 
one surface (buccal or lingual) or both (Lertchirakarn et al. 1999, Haueisen et al. 2013). 
The fracture is located in the root portion of the tooth only, however it may extend 
apically or coronally toward the cervical periodontal attachment. A VRF may span the 
length of the root or occur as a shorter crack at any level along the root (Rivera & 
Walton 2009). 
  
VRFs arguably represent some of the most frustrating cases in endodontic practice. 
Diagnosis can be difficult and they can be devastating for patients who have invested 
time and finances to undergo RCT only to have the tooth extracted (Toure et al. 2011). 
They can also be a source of stress for practitioners, as the occurrence of a VRF 
following RCT is a potential medicolegal problem (Rosen et al. 2012). Studies 




2.6.1 Aetiology of vertical root fractures  
 
The aetiology of VRFs in root-treated teeth can be divided into predisposing and 
iatrogenic factors. Predisposing factors include tooth type and morphology (maxillary 
premolars and mesial roots of mandibular molars), loss of healthy tooth structure (such 
as from trauma, root resorption or caries), and loss of periodontal and alveolar bone 
support (Tamse 2006, Cohen et al. 2008). Iatrogenic factors refers to VRFs resulting 
from dental procedures and materials used during RCT. These include excessive 
chemomechanical preparation, overzealous widening of the root canal space during post 
space preparation or root-end cavity preparations.  
 
Root canal instrumentation 
Excessive application of forces on radicular dentine during RCT increases the risk of 
VRF. Cracks often initiate during instrumentation of canals and existing cracks 
propagate during obturation (Adorno et al. 2013). Rotary instrumentation may cause 
more crack formation compared with traditional hand filing (Lam et al. 2005, Bier et al. 
2009). However, it is important to note that tooth type, the presence of oval canals and 
thin canal walls all significantly increase the risk of VRF during instrumentation 
(Tamse 2006). It is critical that caution is applied regardless of which preparation 
system is used to avoid excessive instrumentation and reduce the risk of VRF. 
 
Root canal irrigants and medicaments 
The prolonged use of calcium hydroxide adversely affects the biomechanics of dentine 
by reducing its microhardness and rendering it more brittle and prone to fracture (Cvek 
1992, Andreasen et al. 2006). The long term use of calcium hydroxide for the 
apexification of immature teeth resulted in a 40% incidence of root fracture (Cvek 
1992). Interestingly however, sheep teeth obturated with mineral trioxide aggregate 
(MTA) after one month of calcium hydroxide showed no significant reduction in 
fracture resistance (Andreasen et al. 2006). To reduce the risk of VRF, clinicians should 
avoid the prolonged use of calcium hydroxide. Likewise, EDTA and NaOCl, used for 
smear layer removal, have also been found to significantly decrease the microhardness 
of dentine when high concentrations are used for prolonged periods (Uzunoglu et al. 
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2016). Clinicians should avoid their excessive use during chemomechanical 
debridement of the root canal system.  
 
Root canal obturation 
Excessive force applied to the root canal wall during lateral or vertical condensation of 
GP have been identified as a major contributor to VRF formation (Meister et al. 1980, 
Lertchirakarn et al. 1999). In some cases a sharp cracking sound may be heard or 
bleeding around the GP points can be seen (Meister et al. 1980). The force exerted on 
dentine during lateral condensation is between 1 to 3 kg (Lertchirakarn et al. 1999). 
Forces generated by finger spreaders are significantly lower than those from hand 
spreaders (Lertchirakarn et al. 1999). Clinicians should be cautious not to apply 
excessive force when using spreaders and pluggers during obturation.  
 
A variety of obturation materials have recently become available, with some claiming to 
have superior properties such as the ability to strengthen teeth and minimise VRF.  
Literature on this subject remains divided. One study reported that obturation with the 
Resilon and EndoREZ® “monoblock” system provided a significantly higher resistance 
to VRF compared with GP (Hammad et al. 2007). Conversely, another study reported 
no significant difference between these materials (Grande et al. 2007).  Roots filled with 
MTA have a higher resistance to VRF than those filled with GP and sealer (El-Ma’aita 
et al. 2014). Recently, MTA has been reported to induce mineralisation within dentinal 
tubules (Yoo et al. 2014). This could potentially strengthen roots and protect against 
crack and VRF formation. 
 
 
2.6.2  Diagnosis of vertical root fractures 
 
There are no typical hallmark signs or symptoms associated with VRFs and so diagnosis 
is often very challenging. It is important to note that the clinical signs and symptoms of 
VRFs as well as their radiographic presentations are often similar to those associated 
with PAP following RCT (Meister et al. 1980). The use of cone beam computed 
tomography in the diagnosis of VRFs is controversial. There is no agreement on its 
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accuracy and some studies report that it is not a reliable method to detect VRFs (Patel et 
al. 2013, Neves et al. 2014). In the late stages, a VRF may be associated with deep 
probing depths and coincide with a recurrent periodontal abscess (Meister et al. 1980). 
Poor quality root canal fillings further complicate the diagnosis of VRF. When a poor-
quality filling is present, the most obvious reason for the failure is the poor RCT. Unless 
the clinician actively seeks to rule out a VRF the possibility of misdiagnosis exists. 
Historically, the only way to definitively confirm the presence of a VRF is by visual 
inspection (Meister et al. 1980, Lustig et al. 2000). This often entails raising a full 
thickness mucoperiosteal flap to locate a fracture line (Figure 2.7). 
 
 
Apical surgery and the butterfly effect 
Studies exploring why VRFs develop predominantly in the bucco-lingual direction are 
limited. It has been hypothesized that teeth with the butterfly effect are more prone to 
developing cracks and VRFs in the bucco-lingual direction due to their significantly 
higher dentine hardness mesio-distally (Figure 2.8) (Russell et al. 2014). The effect can 
be visualized when resected root-ends are viewed with an operating microscope or an 
endoscope (Von Arx et al. 2011). Use of an operating microscope or an endoscope and 
staining of the root-end with dyes such as methylene blue may help detect cracks (Pitts 
& Natkin 1983, Von Arx et al. 2011). Transillumination using a fibre-optic light is a 
useful aid to detect a VRF (Pitts & Natkin 1983). Placement of the light at various 




























Figure 2.7   Intraoral photograph of a surgical site showing VRF (arrow), loss of buccal 















Figure 2.8  Root section under light microscope (x10) showing the butterfly effect. 
Arrow indicates lingual crack. 
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3.0 Rationale for the study  
 
The penetration and adaptability of sealers is often used by manufacturers to highlight 
the favourable properties of their products. The presence of the butterfly effect may 
impact on the behaviour of sealers inside root canals. Research on teeth with this pattern 
of tubular density is lacking and its clinical relevance warrants more investigation. Four 
sealers commonly used during RCT and the obturation material ProRoot MTA were 
investigated. The research was clinically relevant as the superior penetration and 
adaptation of materials to radicular dentine can enhance management of root canal 
infection by entombment of bacteria, which may lead to more predictable treatment 
outcomes.   
 
Furthermore, it has been postulated that the presence of the butterfly effect has a role in 
VRF due to the significantly greater dentine hardness mesio-distally compared to 
bucco-lingually (Russell et al. 2013, 2014). Theoretically, teeth with the butterfly effect 
should develop more cracks in the bucco-lingual direction. This study investigated 
crack formation on resected root-ends following ultrasonic preparation. The effect of 
obturation material on crack formation was also assessed. This is clinically important as 
the presence of cracks can compromise the apical seal of root-end filling materials. 
Microleakage from such cracks may in turn increase the risk of persistent disease 










4.0 Aims  
 
1. To compare the depth of penetration and quality of adaptation of AH Plus®, 
EndoREZ®, Kerr Pulp Canal Sealer®, MTA Fillapex® and ProRoot® MTA at 
coronal and middle sections of roots with and without the butterfly effect.                                                                                                    
2. To compare depth of penetration and adaptation in the bucco-lingual and mesio-
distal direction in the coronal and middle sections of roots with and without the 
butterfly effect.                                          
3. To investigate apical crack formation following root-end resection and 
preparation of teeth with and without the butterfly effect. 
4. To assess the effect of obturation material on apical crack formation following 




1. Sealers and ProRoot® MTA will have superior adaptation and penetration at the 
coronal sections of root compared with the middle, independent of presence of the 
butterfly effect.  
2. Roots with the butterfly effect will have superior adaptation and penetration in the 
bucco-lingual direction compared with those without the effect.                                                                                
3. Teeth with the butterfly effect will have greater formation of bucco-lingual cracks 
compared with non-butterfly teeth following root-end resection and preparation. 
4. The obturation material will have no effect on apical crack formation, irrespective 






6.1 Statistical calculation of sample size 
 
A biostatistician was consulted and reviewed the study design. Using the mean of the 
measurements taken on each tooth, a sample size of n = 20 teeth was recommended for 
each of the experimental (obturation) and control groups. Within each group, ten teeth 
had the butterfly effect and ten did not, giving a total of 120 teeth.  This was sufficient 
to allow stable modelling of the two-way design and provide summary statistics for 
powering future studies.  The study design had 80% power to detect differences of 1.33 
SD in depth of penetration between any two combinations using a two-sided test at the 
0.05 level.  In the absence of an interaction, this allowed detection of the main effects of 
0.91 SD for obturation group and 0.57 SD for tooth type in the same way.   
 
 
6.2 Tooth selection and inclusion criteria  
 
Ethical approval was granted from the University of Otago, Dunedin, New Zealand 
(reference H15/077). Māori consultation was entered with the Ngāi Tahu Research 
Consultation Committee (see appendices). One hundred and forty permanent, single 
rooted (maxillary anterior), extracted human teeth were collected. Teeth of known 
patient age (25-40 years) were used. Teeth with root resorption, immature apices, 
fracture or root filling were rejected. Teeth were washed and stored in phosphate 
buffered saline (PBS), pH 7.4, at 4°C until required. Of the 140 teeth collected, 20 were 







6.3 Tooth preparation 
 
6.3.1 Crown removal and group allocation 
 
Teeth were decoronated at the cemento-enamel junction with a diamond bur under 
constant water irrigation. Roots were viewed under a light microscope (EHT; Olympus, 
Tokyo, Japan) at x10 magnification and coded ‘B’ butterfly or ‘NB’ non-butterfly 
according to the presence or absence of the effect (Figures 6.1 and 6.2). 
 
Roots were randomly assigned to one of five obturation groups: 
 GP with epoxy resin sealer AH Plus® (Dentsply DeTrey, Konstanz, Germany). 
 GP with UDMA resin sealer EndoREZ® (Ultradent Products Inc., UT, USA). 
 GP with ZnOE Pulp Canal Sealer® (Kerr, Romulus, MI, USA). 
 GP with MTA Fillapex® sealer (Angelus, Parana, Brazil). 
 ProRoot® MTA (white) alone (Dentsply Tulsa Dental, Tulsa, OK, USA). 
 
Each group contained 20 roots (ten B and ten NB). A control group consisted of ten 
butterfly and ten non-butterfly prepared but unfilled roots. The controls were used to 
confirm smear layer removal.  
 
Roots assigned to the ProRoot® MTA and GP with AH Plus® groups (n = 40) were also 
used to investigate microcrack formation following resection and ultrasonic root-end 
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Figure 6.3 Summary of allocation of teeth to control and experimental groups.  
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6.3.2 Root canal preparation and smear layer removal 
 
All preparations were done by a single operator (AR). Access was made and the 
working length of the roots was determined visually by subtracting 1 mm from the point 
at which a size 10 K-file was seen at the major apical foramen. Canal orifices were 
flared with X-Gates files (Dentsply Tulsa Dental, Tulsa, OK, USA) and canals prepared 
using ProTaper Next (Dentsply Maillefer, Ballaigues, Switzerland) instruments to size 
X3. Each file was used according to manufacturer’s instructions to prepare four canals. 
Copious irrigation and recapitulation with 5.25% NaOCl (Ultradent, South Jordan, UT, 
USA) was carried out throughout canal preparation, and apical patency was maintained 
with a size 10 K-file. Prior to obturation, the canals were irrigated with 5 mL of EDTA 
(EDTA 15%; Ultradent) solution for 2 minutes then 5 mL of NaOCl for another 2 
minutes to remove organic material and cutting debris. Canals were finally rinsed with 
0.9% sterile saline and dried with paper points. 
 
6.3.3 Root canal obturation and storage 
 
Sealers and ProRoot MTA were mixed according to the manufacturers’ instructions 
until a homogeneous consistency was obtained. To provide fluorescence under CLSM, 
the sealers and ProRoot MTA were mixed with rhodamine B dye (Sigma-Aldrich, St 
Louis, MO, USA) at a 1:100 ratio by weight. Sealers were placed in the canals using a 
size 15 K-file at the working length with a counter-clockwise motion. Obturation was 
with single ProTaper Next X3 GP cones (Dentsply) with excess GP removed with a 
heated instrument and vertically condensed. ProRoot MTA was placed using the MAP 
system (Dentsply) and condensed using Buchanan pluggers (Kerr, Romulus, MI, USA). 
Filled roots were stored in 100% humidity at 37°C for two weeks to allow complete 
setting of materials. 
 
6.3.4 Root mounting and embedding 
 
Roots were embedded in acrylic resin (Vertex™ Castapress, Vertex-Dental, Zeist, The 
Netherlands) in clear plastic cuvettes (LP Italiana SpA, Milan, Italy) such that the apical 
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third extended beyond the cuvette to allow access for resection. Play-Doh (Hasbro Inc, 
Pawtucket, RI, USA) was used at the base of the cuvette to stabilise the root during 
embedding. A coloured Wedjet (Coltene, Whaledent, NJ, USA) was placed in the 
corner of each cuvette to allow orientation of the sample (Figure 6.4). One side of each 
cuvette was marked with a triangle to facilitate re-stacking following sectioning. 
Cuvettes were placed on a wire rack and partially submerged in a water bath for 30 
minutes at room temperature to dissipate heat of polymerisation. Water was not allowed 

















Figure 6.4 Root in cuvette secured with Play-Doh with Wedjet. 
 
 
6.3.5 Root-end resection and preparation 
 
Roots from the ProRoot MTA and GP with AH Plus obturation groups (n = 40) were 
used to investigate microcrack formation following root-end resection and ultrasonic 
preparation. A silicone stent was made to simulate a bony crypt and mimic a limited 
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degree of visual and surgical access (Figure 6.5). All preparations were performed by a 
single operator (AR) using a dental operating microscope (DOM; OPMI pico, Carl 
Zeiss Ltd, Oberkochen, Germany) at x6 magnification within the crypt simulator. Roots 
were resected perpendicular to their long axis, 3 mm from the apex using a high speed 
tungsten carbide surgical bur (H162, Komet, Gebr. Brasseler, Lemgo, Germany) under 
copious water irrigation. Root-ends were polished with an ultra-fine 30 fluted composite 
finishing bur (H135UF, Komet). They were then inspected for cracks using the DOM at 
x10 magnification.   
 
Three millimetre deep root-end cavities were cut using ultrasonic retrotips (ProUltra No. 
2, Dentsply) powered by a Satelec P5 Newtron™ ultrasonic unit (Acteon, Merignac, 
France) on power setting 7, according to the manufacturer’s recommendation and with 
continuous water spray. Each retrotip was used a maximum of ten times. Roots were re-


















Figure 6.5  Simulated bony crypt used for resection and root-end preparation. 
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6.3.6 Root-end impressions and replicas 
 
Impressions of the resected root-ends and the root-end cavities were taken using a light- 
bodied polyvinylsiloxane (PVS; Exahiflex, GC Corporation, Tokyo, Japan). Initial 
impressions of the root-ends were used to lift debris and were discarded. Final 
impressions were taken in a small plastic cuvette filled with PVS. Replicas were poured 
using Araldite® epoxy resin (Selleys Pty Ltd, Padstow, NSW, Australia) (Figure 6.6). 
They were left to cure at room temperature for 48 hours and used for SEM analysis of 



























Figure 6.6  PVS impression of a root-end (left), resin replicas of root-ends (centre) and 
replicas mounted on a stub for SEM (right). 
 
 
6.3.7 Coronal and middle root sectioning 
 
An Accutom® 50 precision slicing machine (Struers A/S, Ballerup, Denmark) fitted 
with an Accutom® 50 blade MOD13 (Struers) was used to section roots (Figure 6.7). 
The cuvettes were mounted so that the root ends were facing the blade. Roots were 
sectioned horizontally at distances 5 and 8 mm from the edge of the cuvette to yield 
coronal and middle sections of root. Sectioned roots were glued onto glass slides 
(Figure 6.8). To remove surface defects, sections were polished with a TegraPol® 21 
polishing machine (Struers) using silicon carbide paper (P1200 to P4000; 3M Europe, 
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Diegem, Belgium) and sterile water (Figure 6.9). To remove debris, specimens were 
rinsed with 15% EDTA and 5.25% NaOCl for two minutes. Figures 6.10 and 6.11 
summarise root preparation and sectioning.   
 
Coronal and middle sections were used for CLSM and SEM investigation of adaptation 
and penetration of the sealers and ProRoot® MTA.  
 
      
















































































Figure 6.10 Root preparation and sectioning of ProRoot MTA and GP with AH Plus 
obturation groups. A: Root-end resection 3 mm from apex. B: Root-end cavity 
preparation (dotted lines). C: Root sectioned to yield coronal and middle thirds, PVS 
impression of resected root-end and root-end cavity (orange). D: Coronal and middle 
sections (green) used in CLSM and SEM to investigate sealer penetration and 













Figure 6.11 Root preparation and sectioning of GP with EndoREZ®, GP with MTA 
Fillapex and GP with Pulp Canal Sealer obturation groups. A: Root sectioned to yield 
coronal, middle and apical thirds. B:  Coronal and middle sections (green) used in 
CLSM and SEM to investigate sealer penetration and adaptation.  
 
 



















6.4 Microscopy  
 
6.4.1 Confocal laser scanning microscopy  
 
Root sections were viewed using a CLSM (Zeiss LSM 510, Axioplan 200, Carl Zeiss 
Ltd., Jena, Germany) (Figure 6.12). An argon laser at 488 nm was used to excite the 
rhodamine B (in the sealer) to fluoresce. The laser power settings were kept constant for 
all root sections.  “Bird’s eye-view” optical images (x10 magnification) were taken of 
each coronal and middle root section using a Plan-Apochromat 10x 0.45 NA objective 
lens. The optical slice was averaged four times to reduce random noise. To scan the 
entire area, a montage was assembled for each root section. Images were captured at the 
highest resolution of 2048 x 2048 pixels using Zeiss LSM 510 control software (version 
3.2) running under Windows 10. A total of 200 images were captured corresponding to 
100 coronal and 100 middle root sections. Sections from the 20 control roots were not 

















Figure 6.12 Confocal laser scanning microscope. 
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6.4.2 Scanning electron microscopy  
 
To prepare for SEM the resin replicas of root-ends were mounted on stubs so that the 
resected surfaces faced upwards. The root sections and resin replicas were sprayed with 
a 20 nm gold palladium coating with a sputter coater (Emitech K575X, EM 
Technologies Ltd, Kent, England) (Figure 6.13). The root sections and resin replicas 
were dehydrated in an evaporator and observed in a SEM (JEOL JSM 6700F, JEOL 
Ltd, Tokyo, Japan) (Figure 6.14). Micrographs (x400) were taken of each coronal and 
middle root section at the dentine-sealer or ProRoot MTA interface (a total of 240 
micrographs captured). “Bird’s eye-view” micrographs (x25) were taken of each resin 















Figure 6.13 Root sections (left) and resin replicas of root-ends (right) coated with gold 





















Figure 6.14 Scanning electron microscope. 
 
 
6.5 Image analysis 
 
6.5.1 Measuring penetration  
 
Confocal images (n = 200; 10x magnification) of sealer and ProRoot MTA penetration 
of all root sections were assessed by a single examiner (AR). Fifteen of the images were 
re-assessed by two calibrated and independent specialist endodontists. Observers 
viewed the images on a computer after receiving written instructions and familiarisation 
using example images (Appendix 11.6). All three assessors were unaware which root 
section type was under consideration. A superimposed grid was used to standardise 
direction records (Figure 6.15). The depth of penetration (µm) was measured at 12 
points using the measuring tool in Image J (National Institute of Health, Bethesda, MD, 
USA) (Figure 6.16). Mean sealer penetration scores were calculated for each direction 


















Figure 6.15  Confocal image (x10) of a root section showing assessment grid. Numbers 












Figure 6.16  Confocal image (x10) showing assessment grid and example of measuring 
tool used to draw a line from the dentine-sealer interface (blue arrow) to outermost red 
point along the gridline (green arrow) representing sealer penetration.  
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6.5.2 Describing quality of adaptation 
 
Bird’s eye-view SEM micrographs (n = 240) of root sections were assessed by a single 
examiner (AR). Fifteen of the micrographs were further assessed by two calibrated and 
independent specialist endodontists. Observers viewed the images on a computer screen 
after receiving written instructions and familiarisation using example images (Figure 
6.17, Appendix 11.7). All three assessors were unaware which root section type was 
under consideration. The quality of sealer or ProRoot MTA adaptation to the intracanal 
dentine at four points (buccal, lingual, mesial and distal) was scored as good, 



















Figure 6.17 SEM micrograph of dentine-sealer interface used as an example of 
reasonable adaptation quality. The majority of the section shows no gaps between sealer 
and dentine. Sealer can be seen penetrating into dentinal tubules. Arrow points to gap in 










6.5.3 Determining apical crack formation 
 
Forty bird’s eye-view SEM micrographs (x25) of resin replicas of resected root-ends 
were assessed by an examiner (AR). Ten of the micrographs were further assessed by 
two calibrated and independent specialist endodontists. All three assessors were 
unaware of which root-end condition was under consideration. Cracks were recorded 
according to a modified version of the classification provided by Layton et al. 1996 
(Figure 6.18). A superimposed grid was used to standardise crack direction records 
(Figure 6.19). Observers viewed the images on their own computers following 









Adaptation quality Description 
Good The section showed no gaps between sealer and dentine. Sealer 
can be seen penetrating into dentinal tubules. 
Reasonable The section shows some small gaps (<10 µm) between sealer 
and dentine. 
Poor The section shows many gaps (>10 µm) between the sealer and 
dentine 
Absent The majority of the section shows no adaptation between the 
sealer and dentine 
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Figure 6.18 Crack classification following root-end resection and ultrasonic preparation 






















1. Complete canal 
Crack emerges from the canal space and extends to outer root 
surface. 
2. Incomplete canal 
Crack emerges from the canal space and extends partially into 
  radicular dentine but ends short of the external root surface. 
3. Cemental 
Crack radiating from cemental surface to cemento-dentinal 
junction and into dentine. 
4. Intradentine BL 
Crack confined to dentine and runs in a bucco-lingual direction 
either mesial or distal to the canal. 
5. Intradentine MD 
Crack confined to dentine and runs in a mesio-distal direction 





















Figure 6.19 SEM micrograph (x25) of a resin replica of a root-end showing assessment 
grid. 
 
6.6 Statistical analysis  
 
All statistical analyses were performed using Stata version 13.1 (StataCorp. College 
Station, TX, USA). The data was analysed using a mixed model. ANOVA was used to 
assess the associations between the independent variables (obturation group, butterfly 
effect, and their interaction) and the primary outcome, mean depth of penetration. A 
Chi-squared test was used to analyse apical crack formation and adaptation data. The 






7.1  Depth of sealer or ProRoot® MTA penetration 
 
Representative confocal images (x10) of sealer/ ProRoot® MTA penetration are shown 
in Figures 7.1 to 7.6.  The results are presented in Tables 7.1 and 7.2. Teeth with the 
butterfly effect had greater mean penetration bucco-lingually (766.25 µm) compared 
with mesio-distally (184.09 µm) (P = 0.003). In contrast, teeth without the butterfly 
effect had no difference between bucco-lingual (385.78 µm) and mesio-distal (387.03 
µm) penetrations (P = 0.98). 
 
Teeth with the butterfly effect had greater penetration bucco-lingually (766.25 µm) 
compared with teeth without the effect (385.78 µm) (P = 0.01). On the other hand, teeth 
with the butterfly effect had less penetration mesio-distally (184.09 µm) compared with 
teeth without the effect (387.03 µm) (P = 0.008). 
 
Coronal sections had the greatest mean penetration (430.79 µm) compared with middle 
sections (247.25 µm) (P = 0.006). Mean penetration in middle sections was less in teeth 
with the butterfly effect (162.20 µm) compared with teeth without the effect (332.28 
µm) (P = 0.04). 
 
Penetration varied between obturation material groups but this did not reach 








































Figure 7.1 Representative CLSM images (x10) of sealer penetration into dentinal 
tubules of roots with the butterfly effect. A: AH Plus®, B: Fillapex® MTA, C: 
EndoREZ®, D: Pulp Canal Sealer®. 
  A                                                                                     B 




























Figure 7.2 Representative CLSM images (x10) of penetration into dentinal tubules of 
roots without the butterfly effect. A: AH Plus®, B: Fillapex® MTA, C: EndoREZ®, D: 
Pulp Canal Sealer®.  
 
 
  A                                                                                     B 






















Figure 7.3 Side-by-side comparison of representative CLSM images (x10) of 
penetration of ProRoot® MTA into dentinal tubules of roots with the butterfly effect 




























Figure 7.4 Side-by-side comparison of representative CLSM images (x10) of 
penetration of AH Plus® sealer into dentinal tubules of roots with the butterfly effect 


























Figure 7.5 Representative CLSM images (x10) showing side-by-side comparison of 
coronal (left) and middle (right) penetration of AH Plus® sealer into dentinal tubules of 


































Figure 7.6 Representative CLSM images (x10) showing side-by-side comparison of 
coronal (left) and middle (right) penetration of AH Plus® sealer into dentinal tubules of 
roots without the butterfly effect.  
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Table 7.1 Comparison of mean tubule penetration in coronal sections of teeth with and 












 Obturation Group 
Sample 
(n) 





GP with EndoREZ® 
GP with AH Plus® 
GP with MTA Fillapex® 







747.71 ± 1.65 
1013.0 ± 20.07 
970.0 ± 35.43 
629.22 ± 54.31 
470.93 ± 23.53 
157.09 ± 1.41 
185.09 ± 7.78 
320.71 ± 18.47 
106.3 ± 10.74 








GP with EndoREZ® 
GP with AH Plus® 
GP with MTA Fillapex® 







365.73 ± 2.92 
549.84 ± 20.07 
405.86 ± 5.71 
314.35 ± 7.29 
293.13 ± 8.42 
352.23 ± 2.38 
552.59 ± 24.94 
412.81 ± 12.55 
316.43 ± 39.41 







 Table 7.2 Comparison of mean tubule penetration in middle sections of teeth with and 















 Obturation Group 
Sample 
(n) 





GP with EndoREZ® 
GP with AH Plus® 
GP with MTA Fillapex® 







538.19 ± 52.81 
962.58 ± 52.04  
754.26 ± 66.81 
507.78 ± 12.77 
254.11 ± 5.52 
39.27 ± 9.94 
61.33 ± 3.41 
86.13 ± 10.65 
60.93 ± 10.91 








GP with EndoREZ® 
GP with AH Plus® 
GP with MTA Fillapex® 







153.42 ± 7.32 
304.53 ± 5.94 
155.61 ± 4.04 
102.49 ± 9.69 
91.82 ± 1.68 
162.74 ± 9.33 
298.97 ± 16.70 
158.89 ± 11.11 
98.91 ± 7.07 







7.2 Adaptation quality of sealer or ProRoot® MTA  
 
Representative SEM micrographs (x450 and x750) of control roots are shown in Figure 
7.7. Representative SEM micrographs (x400) of sealer or ProRoot MTA adaptation are 
shown in Figures 7.8 to 7.13. The SEM results appear in Table 7.3. Figures 7.14 and 
7.15 show the percentage of good, reasonable, poor or absent adaptation of each 
obturation group in coronal and middle sections of teeth with and without the butterfly 
effect 
 
Adaptation was generally more favourable in coronal sections (78% good or reasonable) 
than middle sections (57% good or reasonable) (P = 0.0012). In coronal sections, teeth 
with the butterfly effect had a similar percentage of poor or absent adaptation (10%) 
compared to teeth without the effect (12%). Middle sections also showed this trend 
(22% and 23% respectively). For both butterfly and non-butterfly teeth in coronal and 
middle sections, there was no significant difference in the quality of adaptation in the 
bucco-lingual and mesio-distal direction (P = 0.56). Similarly, there was no significant 
difference between butterfly and non-butterfly teeth (P = 0.20). 
 
Adaptation quality varied with obturation groups, however this did not reach 


















Figure 7.7 Representative SEM micrographs (x450 and x750) of control roots 
















Figure 7.8 Representative SEM micrographs (x400) of sealer-dentine interface showing 



















Figure 7.9 Representative SEM micrographs (x400) of sealer-dentine interface showing 

























Figure 7.10 Representative SEM micrographs (x400) of sealer-dentine interface 






















Figure 7.11 Representative SEM micrographs (x400) of sealer-dentine interface 


















Figure 7.12 Bird’s eye-view SEM micrographs (x60) of ProRoot MTA-dentine 











Figure 7.13 Bird’s eye-view SEM micrograph (x85) of the ProRoot MTA-dentine 
interface showing good adaptation (left). SEM micrograph (x 14,000) of ProRoot MTA 
within a dentinal tubule showing crystal-like formation (right). 
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Table 7.3 Quality of adaptation of obturation material in mesio-distal and bucco-lingual 








effect Good Reasonable Poor Absent 
Coronal 
Butterfly 50 
Bucco-lingual 11 9 6 
 





Bucco-lingual 11 6 5 
 
Mesio-distal 12 9 6 1 
Middle 
Butterfly 50 
Bucco-lingual 5 9 9 3 




Bucco-lingual 6 10 9 3 


























Figure 7.14 Adaptation quality in coronal sections of roots with (B) and without (NB) 












Figure 7.15 Adaptation quality in middle sections of roots with (B) and without (NB) 




























































Obturation groups (B- butterfly effect, NB- non butterfly) 
Good Reasonable Poor Absent
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7.3 Apical crack formation 
 
An example of cracks in a tooth with the butterfly effect as seen under a light 
microscope (x10) is shown in Figure 7.16. SEM micrographs of root-end replicas are 
shown in Figures 7.17 and 7.18. The SEM results appear in Tables 7.4 and 7.5. None of 
the teeth developed cracks during root-end resection, but half developed cracks 
following ultrasonic preparation. Cracks occurred significantly more often in teeth with 
the butterfly effect (80%) than teeth without (20%) (P = 0.001). The majority of cracks 
ran in the bucco-lingual direction (73%) compared with mesio-distal (27%). Complete 
and incomplete canal cracks were more common (41% and 32% respectively) than 
intradentine and cemental cracks (22% and 5%). Teeth obturated with ProRoot MTA 
developed fewer cracks (40%) compared with those obturated with GP and AH Plus 
(60%), but this finding did not reach statistical significance (P = 0.206). Agreement 
between the three examiners was moderate (Kappa = 0.524). Two examiners agreed 



































Figure 7.16 Root section under light microscope (x10) showing the butterfly effect. 









































Figure 7.18 Representative SEM micrographs (x25) of root-end replicas with 
assessment grids. Red arrows point to cracks. 
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Table 7.4 Presence of cracks in resected, prepared root-ends. 
 
*Some teeth had no detectable cracks under an operating microscope but cracks were 
seen on SEM image of resin replica. 
 
 





















GP with AH 
Plus (n=10) 
0 8* 10 
ProRoot 
MTA (n=10) 




GP with AH 
Plus (n=10) 
0 2 2 
ProRoot 
MTA (n=10) 
0 2 2 





                     16 
Mesio-distal                      6 
TOTAL                      22 
Crack Classification 
Complete canal                       9 
Incomplete canal                       7 
Intradentine                       5 
Cemental                       1 




8.1 Quality of adaptation and depth of penetration 
 
This study shows that the presence of the butterfly effect influences the penetration of 
sealers and ProRoot® MTA into dentinal tubules. Teeth with the effect showed 
significantly deeper penetration in a bucco-lingual direction compared with teeth 
without the effect. This trend was evident despite no difference in bucco-lingual and 
mesial-distal adaptation of sealers and ProRoot® MTA to the canal wall. Studies have 
reported that bacteria are able to remain viable within dentinal tubules creating a 
reservoir of residual infection (Ando & Hoshino 1990, Sen et al. 1995, Peters et al. 
2001). Deep penetration of sealer is favourable to enhance entombment of any 
remaining microbes and to create an unfavourable environment for microbial growth 
within the root canal system (Ørstavik 2005). Furthermore, the deeper a sealer can 
penetrate into dentinal tubules the greater its antibacterial potential (Wang et al. 2014). 
Therefore, the superior penetration of sealers and ProRoot® MTA bucco-lingually may 
positively impact the outcome of root canal treatment in teeth with the butterfly effect. 
 
Similarly, it is possible that the penetration of intracanal medicaments such as calcium 
hydroxide and luting agents used during post cementation could be influenced by the 
presence of the butterfly effect. Further studies are necessary to confirm this.  
 
Importantly, the findings of this research suggest that published studies on sealer 
penetration, where the presence of the butterfly effect was not considered as a 
confounder, may have reported inaccurate results or misleading conclusions. Sealer 
penetration studies should consider the butterfly effect as a confounder. Ideally they 
should specify whether the teeth included have the effect and if so, measurements 
should be limited to the bucco-lingual direction. This may explain the reported wide 
range of penetration depths (23.4 to 2000 µm) of sealers in some studies 
(Shokouhinejad et al. 2011, Balguerie et al. 2011, Jeong et al. 2017).   
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There are no studies on the prevalence of the butterfly effect, and unless apical surgery 
is carried out, its presence is not known in the clinical situation. Von Arx et al. (2011) 
examined various characteristics of root sections during apical surgery and described 
the presence of the butterfly effect as ‘frosted dentin’ which was reported to be more 
common in premolars and molars than in anterior teeth. Given this, the clinical 
significance of the butterfly effect may be greater in posterior teeth. In the present study, 
only teeth of the same type (maxillary anteriors) were included. The number of dentinal 
tubules is reported to decrease significantly with increasing age (Carrigan et al. 1984) 
and this may influence the penetration of sealers. In the current study teeth of similar 
age were included, removing age a possible confounder.  
 
A potential limitation of this study is that teeth were obturated immediately after canal 
preparation, which is the protocol for single visit treatment but not always a true 
representation of the clinical situation. Calt and Serper (1999) suggest that calcium 
hydroxide dressing in the root canal can affect the depth of sealer penetration. In many 
instances it is not possible to completely remove calcium hydroxide before obturation 
(Ma et al. 2015). Thus, the penetration depths reported in the current in vitro study may 
be higher than what can be expected clinically when multiple visit endodontic treatment 
is performed.  
 
Variation between obturation groups 
 
This study found that adaptation quality and penetration varied between sealers and 
ProRoot MTA, but no significant difference was found.  On the other hand, studies have 
reported AH Plus® to have deeper penetration into dentinal tubules when compared to 
other sealers (Balguerie et al. 2011, Chandra et al. 2012) and this may be attributed to 
its pseudoplastic behaviour inside root canals. Zhou et al. (2013) describe this as a 
decrease in viscosity and an increase in flow parallel to an increase in shear rate during 
filling procedures. This physical property is important as it enables the sealer to 
effectively adapt to the root canal wall and penetrate dentinal tubules.  Fillapex® MTA 
also displays pseudoplastic behaviour (Zhou et al. 2013). 
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The adaptation of ProRoot® MTA may be explained by its setting reaction which causes 
expansion and could enhance the seal with the canal wall. However, despite having the 
second best adaptation, ProRoot® MTA had the least depth of penetration. Several 
factors may have contributed to this, such as MTA’s particle size and intratubular 
mineralisation. An SEM study by Bird et al. (2012) compared the tubular penetration of 
ProRoot® MTA with a new obturation material, Capasio, which has half the particle size 
of ProRoot® MTA. They reported penetration of Capasio into dentinal tubules but no 
penetration of ProRoot® MTA. The particle size of ProRoot® MTA may limit its ability 
to penetrate deep into dentinal tubules. The average particle size of white ProRoot® 
MTA is 10 μm, with all particles smaller than 50 μm (Komabayashi & Spangberg 2008) 
whereas the average particle size of Capasio is 5.3 μm, with all particles being smaller 
than 20 μm (Bird et al. 2012). However, it is important to note that small particle size is 
not necessarily an indicator of better penetration. For example, AH Plus®, which has a 
mixed particle size of 26 µm (more than double that of ProRoot® MTA) had the best 
penetration.  
 
Further, MTA is reported to form mineralized crystals which grow within the dentinal 
tubules over time (Yoo et al. 2014). The formation of crystal-like structures inside 
dentinal tubules was observed in high magnification SEM micrographs in this study 
(Figure 7.13). This mineralization effect may explain the initial low penetration of MTA 
into dentinal tubules. In this study, penetration was visualized two weeks after 
obturation. Yoo and colleagues (2014) reported continued crystal growth for up to 16 
weeks after obturation. Therefore, it is possible that an enhanced effect may be observed 
with further crystal growth over time. More research is required to investigate this 
theory.  
 
Variations in depth of penetration into dentinal tubules between different sealers and 
ProRoot® MTA may be influenced by powder/liquid or paste/paste ratio of the mixed 
material (Bird et al. 2012 Zhou et al. 2013). Even small alterations to this ratio may 
cause a change in thickness and flow of the material. Ørstavik (1983b) highlighted the 
importance for manufacturers to provide measuring equipment for clinicians to achieve 
ideal powder/liquid or paste/paste ratio of root canal sealers. In the present study, most 
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of the root canal sealers (EndoREZ®, AH Plus®, Fillapex® MTA) were in automix 
syringes, providing standardised mixtures. The others (Pulp Canal Sealer® and 
ProRoot® MTA) were mixed according to the manufacturer’s instructions. 
 
In the current study the same filling method was used for all sealers. The literature 
provides no standard guidelines regarding techniques for different sealers. For example, 
McMichael et al. (2016) report that Fillapex® MTA had significantly greater tubule 
penetration with a warm vertical technique versus the single cone technique. On the 
other hand, Kuci et al. (2014) report that Fillapex® MTA had superior penetration with 
cold lateral compaction, and DeLong et al. (2015) suggest that calcium silicate sealers 
showed inferior bond strength when the continuous wave technique was used. The 
manufacturers’ recommendations are that calcium silicate-based sealers should be used 
with single cone obturation (Kim et al. 2015). The optimal obturation technique for 
different sealers remains controversial, but the technique performed in the current study 




This study reports that sealers and ProRoot® MTA have superior adaptation and 
penetration in coronal sections of roots compared with middle sections. This finding is 
in agreement with previous studies that investigated a variety of sealers and obturation 
techniques and have reported that the mean penetration is greater coronally (Balguerie 
et al. 2011, Chandra et al. 2012, Kuci et al. 2014, McMichael et al. 2016, Generali et al. 
2017). Although apical root sections were not included in the present study, regional 
differences may be explained by the increasing complexity of root canal anatomy and 
the reduced number and patency of dentinal tubules towards the apical portion of the 
root canal (Carrigan et al. 1984).   
 
Another possible explanation for the observed difference is the use of the single cone 
obturation technique. As the GP cone is inserted, sealer may become displaced and air 
may become entrapped forming voids (Mutal & Gani 2005). Furthermore, greater 
compressive forces during obturation may have been applied coronally which would 




Studies have applied different microscopy techniques to investigate sealer penetration, 
such as SEM (Kouvas et al. 1998, Kokkas et al. 2004, Balguerie et al. 2011), light 
microscopy (Weis et al. 2004, De Deus et al. 2004), and CLSM (Chandra et al. 2012. 
Kuci et al. 2014, Kim et al. 2015, McMichael et al. 2016, Generali et al. 2017). There 
are no studies specifically comparing the accuracy of SEM and CLSM in determining 
depth of penetration and adaptation of root canal sealers.  
 
In the present study, SEM offered a number of advantages for assessing the adaptation 
of sealers and ProRoot® MTA to the root canal. It allowed high magnification 
observation of the dentine-sealer or ProRoot® MTA interface and detailed visualisation 
of the dentinal tubules and their contents (Chandra et al. 2012, Sonu et al. 2016). This 
cannot be achieved with other microscopy techniques. The SEM micrographs are 
straightforward to interpret and in the current study substantial inter-examiner 
agreement was achieved.  
 
On the other hand, SEM has limited use when measuring the depth of tubule 
penetration. Preparation of root sections for SEM requires samples to be desiccated, 
highly polished and contain no surface smear layer. This can lead to loss of the sealer or 
ProRoot® MTA from the dentine surface and thus an under representation of the depth 
of penetration.  This is important and may explain the seemingly low reported depths of 
penetration in some SEM studies (Kouvas et al. 1998, Kokkas et al. 2004, Balguerie et 
al. 2011, Shokouhinejad et al. 2011). 
 
To overcome the limitations of SEM, CLSM was used in the present study to accurately 
measure sealer and ProRoot® MTA penetration. CLSM allows the measurement of 
sealer penetration below the surface of the dentine, eliminating the need for destructive 
specimen preparation or smear layer removal which may result in loss of sealer. To 
facilitate fluorescence under confocal microscopy, the sealers and ProRoot MTA were 
labelled with rhodamine B dye.  Rhodamine B has been used successfully in many 
studies as an indicator for sealer penetration (Patel et al. 2007, Chandra et al. 2012, Kim 
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et al. 2015, McMichael et al. 2016). However, Jeong et al. (2017) suggest the 
preferential use of Fluro-6 over rhodamine B to label calcium silicate-based sealers, as 
rhodamine B may have a low affinity for calcium in such sealers (Jeong et al. 2017). 
Although none of the investigated sealers affected the fluorescence of rhodamine B in 
the present study, Fluor-6 could be used in future studies to label Fillapex® MTA and 
ProRoot® MTA. 
 
8.2 Apical crack formation 
 
This study shows that the presence of the butterfly effect is a risk factor for the 
formation of cracks during the ultrasonic preparation of root-end cavities. Ultrasonic 
instruments are used because their small size allows conservative root-end cavity 
preparations that follow the natural root canal anatomy (Carr 1992, Mehlhaff et al. 
1997, Carr 1997). However, preparation with ultrasonic instruments has been associated 
with increased risk of apical crack formation (Saunders et al. 1994, Layton et al. 1996).  
 
Another confounder is ultrasonic power setting. Studies on power setting and crack 
formation report conflicting results. Some studies have found significantly more cracks 
are formed when preparations are carried out at high power (Layton et al. 1996, Beling 
et al. 1997). Whereas another reports more cracks at low power (De Bruyne & De Moor 
2005). In the present study, the power setting was that recommended by the 
manufacturer and was constant for all roots.  
 
The preparation of teeth for SEM requires extensive dehydration, associated with 
artefactual cracks in dentine (Barnes 1972) and shrinkage of filling materials 
(Torabinejad et al. 1995a). To overcome such limitations, dimensionally stable replicas 
of roots were used (Barnes 1972). These were formed using polyvinylsiloxane 
impressions poured with epoxy resin (Aiach et al. 1984, Abedi et al. 1995). They are 
accurate and resistant to damaging SEM preparation processes (Barnes 1972, Aiach et 




In the current study, teeth of known patient age (25-40 years) were used. Therefore, age 
was unlikely to be a confounding factor, as teeth of all age groups exhibit the butterfly 
effect (Russell et al. 2013). A possible limitation of the present study is that it is 
unknown if crack formation is the same in vitro and in vivo, where a periodontal 
ligament allows physiological movement. Cutting was carried out in hand-held cuvettes. 
A recent in vivo study reported that ultrasonic preparation is safe in intact teeth but can 
promote the propagation of existing defects (Tawil 2016). The presence of natural 
periradicular tissues (periodontium and bone) may prevent cracking in teeth receiving 
orthograde root canal instrumentation (Rose & Svec 2015). However, teeth requiring 
apical surgery are often associated with periapical bone resorption.  
 
The majority of VRFs occur in root filled teeth and they usually run in the bucco-lingual 
direction (Handysides & Bakland 2013, Haueisen et al. 2013). Studies exploring why 
cracks develop in this direction are limited. Research has suggested that teeth with the 
butterfly effect are more prone to developing cracks in the bucco-lingual direction due 
to their significantly higher dentine hardness mesio-distally (Russell et al. 2014). The 
present investigation builds on this work and demonstrates an increased number of 
bucco-lingual defects in teeth with the butterfly effect following ultrasonic root-end 
preparation compared with those without the butterfly effect. This may mean that these 
roots are more prone to developing VRFs during or after apical surgery. It is therefore 
prudent for clinicians to examine root-ends during surgery to try to identify the presence 
of the butterfly effect. However, cracks are difficult to diagnose in the surgical situation; 
in this study, three cracks in roots with the butterfly effect were not detected using the 
DOM with illumination but were seen later using SEM. The accuracy of crack detection 
improves with increasing magnification, however even at x35 magnification the 
sensitivity and specificity is limited (Slaton et al. 2003). The refraction of light on 
sclerosed dentine and the presence of the translucent “wings” of the butterfly may 
explain the increased difficulty in crack detection. Use of an endoscope (Von Arx et al. 
2011), transillumination with an LED diagnostic probe (Tawil 2016) and staining of the 
root-end with dyes such as methylene blue may help detect cracks (Wright et al. 2004). 
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The present study found that crack detection from SEM images can be challenging. 
Two examiners agreed very well with each other and the other agreed only moderately. 
The difference highlights the difficulties in obtaining accurate diagnosis of cracks, even 
in the ideal conditions of high magnification on a computer screen rather than in a 
surgical site. This finding is in accord with previous studies that have reported that 
crack detection can be difficult and subjective, regardless of the method used (Slaton et 
al. 2003, Wright et al. 2004, Von Arx et al. 2010).  
 
Orthograde obturation of the apical canal space with MTA should be considered when 
future apical surgery is anticipated. Studies have shown that root-end resection does not 
significantly affect the sealing ability of MTA when at least 3 mm of the material 
remains (Andelin et al. 2002, Lamb et al. 2003). This is advantageous, as canal 
obturation with MTA removes the need to use ultrasonics to prepare a root-end cavity. 
This in turn may reduce the risk of crack formation in the resected root-end. However, if 
after resection the MTA appears poorly condensed or, in retreatment cases, GP cannot 
be completely cleared from the canal wall, ultrasonic root-end preparation and fresh 
MTA placement is recommended (Hachmeister et al. 2002). 
 
Set MTA has been found to mineralize and increase in strength over time. The 
compressive strength of MTA increased from 40 MPa at 24 hours to 67 MPa at 21 days 
(Torabinejad et al. 1995a).  The mineralisation effect within the tubules may strengthen 
roots and protect against crack formation. The present study supports the work of Yoo 
et al. (2014) with evidence of crystal growth (Figure 7.13). Although not statistically 
significant, fewer cracks were observed in roots obturated with ProRoot MTA following 
resection and cavity preparation, regardless of the presence or absence of the butterfly 
effect. Further research into the possible protective effect of MTA canal obturation 
against VRF formation is warranted; its use as a root-end restorative material may also 








This study emphasises the importance of the butterfly effect in root canal treatment and 
apical surgery. Whenever possible, clinicians should endeavour to identify the butterfly 
effect during surgery. It may be prudent to advise patients of its presence and the 
possible risk of apical crack formation. This study is the first to use CLSM and SEM to 
evaluate sealer and ProRoot MTA penetration into dentinal tubules of teeth with the 
butterfly effect. It highlights a potential weakness of some studies that have overlooked 
the effect as a confounder. Further research is warranted to investigate the clinical 
implications of teeth with the butterfly effect.  
 
Within the limitations of this study, it can be concluded that:  
 
 The butterfly effect influences sealer and ProRoot MTA penetration and 
adaptation in root canals. Roots with the butterfly effect have significantly 
greater penetration bucco-lingually. This may enhance entombment of bacteria 
which could lead to improved treatment outcomes.  
 Coronal sections of roots have superior adaptation and penetration compared 
with middle sections. Penetration in middle sections was significantly more 
favourable in teeth without the butterfly effect. 
 Roots with the butterfly effect featured significantly higher numbers of bucco-
lingual cracks following root resection and ultrasonic root-end preparation. This 
may explain the high prevalence of VRFs which run bucco-lingually and these 
may be initiated or propagated by cutting a root-end cavity. Obturation of the 
root canal with ProRoot MTA potentially protects against crack formation 
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11.1 Materials and equipment 
Item Supplier details 
X-Smart torque controlled motor Dentsply Tulsa Dental, Tulsa, OK, USA 
X-Gates files Dentsply Tulsa Dental, Tulsa, OK, USA 
ISO size 10 stainless steel K-files Dentsply Maillefer, Ballaigues, Switzerland 
ProTaper® Next rotary files X1, X2, X3 Dentsply Maillefer, Ballaigues, Switzerland 
ProTaper® Next paper points X2, X3 assorted Dentsply Maillefer, Ballaigues, Switzerland 
ProTaper® Next GP points  X3 Dentsply Maillefer, Ballaigues, Switzerland 
AH Plus sealer Dentsply DeTrey, Konstanz, Germany 
MTA Fillapex sealer Angelus, Parana, Brazil 
Kerr Pulp Canal Sealer  Kerr, Romulus, MI, USA 
EndoRez sealer Ultradent Products Inc. UT, USA 
Monoject endodontic needles Tyco/Kendeall, Mansfield, MA, USA 
Vista 5.25% NaOCl 480 mL bottle Ultradent, South Jordan, UT, USA 
ProRoot MTA Dentsply Tulsa Dental, Tulsa, OK, USA 
Vista 15% EDTA 480 mL bottle Ultradent, South Jordan, UT, USA 
Phosphate buffered saline pH 7.4 School of Pharmacy, University of Otago  
0.9% sterile saline School of Pharmacy, University of Otago 
Rhodamine B dye Sigma-Aldrich, St Louis, MO, USA 
Pro Ultra™ ultrasonic surgical tips  Dentsply Tulsa Dental, Tulsa, OK, USA 
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(No. SURG 2) 
Exahiflex polyvinylsiloxane impression 
material- injection type 
GC Corporation, Tokyo, Japan   
 
Selley’s Araldite® epoxy adhesive Selleys Pty Ltd, Padstow, NSW, Australia 
Cuvettes LP Italiana SpA, Milano, Italy 
Play-Doh  Hasbro, Inc, Pawtucket, RI, USA 
Coloured Wedjets   Coltene, Whaledent, NJ, USA 
Clear acrylic resin Vertex™ Castapress, Vertex-Dental B.V, 
Zeist, The Netherlands 
Scanning electron microscope  JSM 6700F, JEOL Ltd, Tokyo, Japan 
Confocal laser scanning microscope Zeiss LSM 510, Axioplan 200, Carl Zeiss 
Ltd, Jena, Germany 
Dental operating microscope (OPMI pico) Carl Zeiss Ltd, Oberkochen, Germany 
Accutom® 50 precision slicing machine Struers A/S, Ballerup, Denmark 
Accutom® 50 blade MOD13 Struers A/S, Ballerup, Denmark 
TegraPol® 21 polishing machine Struers A/S, Ballerup, Denmark 
Silicon carbide paper (P1200 - P4000) 3M Europe, Diegem, Belgium 
Satelec P5 Newtron™ ultrasonic unit Acteon, Merignac, France 
MAP system Dentsply Tulsa Dental 
Buchanan pluggers Kerr, Romulus, MI, USA 
Tungsten carbide surgical bur H162, Komet, Gebr. Brasseler, Lemgo, 
Germany 
Ultra-fine 30 fluted composite finishing bur H135UF, Komet, Gebr. Brasseler, Lemgo, 
Germany 
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An investigation of sealer penetration, adaptation and crack formation  
in tooth roots 
 
Thank you for showing an interest in this project.  Please read this information sheet 
carefully before deciding whether or not to participate.  If you decide to participate we 
thank you.  If you decide not to take part there will be no disadvantage to you and we 
thank you for considering our request.   
 
What is the aim of the project? 
Root canal treatment is carried out to save infected teeth which would otherwise need 
to be removed. The canal inside the tooth is cleaned then filled with a sealer and 
rubber-like filling called gutta-percha. Sealers are used to close off any gaps between 
the filling and tooth surface. Some roots have a distinctive appearance called the 
‘butterfly effect’ and this study will examine teeth using microscopes to investigate 
how well root canal sealers adapt to tooth structure in teeth with the butterfly effect. 
This project is being undertaken as part of the requirements for Ms. Assil Russell’s 
Doctorate of Clinical Dentistry in Endodontics.  
 
What type of participants are being sought? 
We are looking for adult patients (18-55 years) attending the Faculty of Dentistry for 
extraction of teeth to take part in this study.  140 single rooted permanent teeth are 
required. Teeth with unusual roots or previous root fillings will not be used. 
 
What will participants be asked to do? 
Should you agree to take part in this project, you will be asked to provide signed 
consent to donate your extracted tooth for this study. No additional time will be 
required. If you decide not to participate your treatment will continue as normal. 
 
What specimens, data or Information will be collected and what use will be made of 
it? 
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No personal identifying information will be collected as part of this study. Following 
tooth removal your tooth will be given a number taken to our laboratory, cut and 
looked at under a microscope.  
 
At the end of the study we would like to store some of your tooth in our secure 
laboratory for use in future studies looking at tooth roots. Any future studies will be 
carried out with appropriate ethical approval. Please notify the researchers if you do 
not want this to occur. The cultural issues associated with storing your sample should 
be discussed with your family/whānau.  
 
 
The data collected will be securely stored in such a way that only researchers involved 
in the study will be able to gain access to it. Data obtained as a result of the research 
will be retained for 10 years in secure storage as required by the University’s research 
policy. Participants will be able to read the results and findings of the experiment upon 
its completion. The results of the project may be published and will be available in the 
University of Otago Library (Dunedin, New Zealand).  
 
 
Can participants change their mind and withdraw from the project? 
You may withdraw from participation in the project at any time up until tooth 
donation. Your whole tooth is required and because your tooth will be given an 
anonymous number it is unable to be returned once collected. 
 
 
What if participants have any questions? 
If you have any questions about our project, either now or in the future, please feel 
free to contact either:- 
Ms. Assil Russell or  Dr. Lara Friedlander 
DClinDent Postgrad    Department of Oral Rehabilitation  
rusas273@otago.ac.nz                                                    Faculty of Dentistry 
                                                                                             lara.friedlander@otago.ac.nz  
 
This study has been approved by the University of Otago Human Ethics Committee. If 
you have any concerns about the ethical conduct of the research you may contact the 
Committee through the Human Ethics Committee Administrator (ph +643 479 8256 or 
email gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and 




11.5 Consent form for participants 
 
Name of participant: ……………………………………….. 
1. I have read the Information Sheet concerning this study and understand the aims of this 
research project. 
2. I have had sufficient time to talk with other people of my choice about participating.   
3. I confirm that I meet the criteria for participation which are explained in the Information 
Sheet. 
4. All my questions about the project have been answered to my satisfaction, and I 
understand that I am free to request further information at any stage.  
5. I know that my participation in the project is entirely voluntary, and that I am free to 
withdraw from the project at any time prior to tooth donation without disadvantage. 
6. I know that as a participant I will donate my whole tooth to this study and this tissue will 
be de-identified. 
7. I understand that there is no additional harm or discomfort in my participation other than 
that associated with tooth extraction. 
8. I know that data from the project, and that these will be placed in secure storage and kept 
for at least ten years.  
9. I understand that the results of the project may be published and be available in the 
University of Otago Library. I know that there is no remuneration offered for this study, 
and that no commercial use will be made of the data. 
10. At the end of the study I consent to any remaining samples being disposed of using  
                         Standard disposal methods 
                         Disposed with appropriate karakia 
Signature of participant:  Date: 
   
   
11. I understand that the tooth tissue will be securely stored for use in future studies, any such 
study being subject to further ethical approval. 
Signature of participant:  Date: 
   
 
 
This study has been approved by the University of Otago Human Ethics Committee. If you 
have any concerns about the ethical conduct of the research you may contact the 
Committee through the Human Ethics Committee Administrator (ph +643 479 8256 or 
email gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and 
investigated and you will be informed of the outcome. 
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11.6   Instructions for confocal image analysis (penetration 
depths) 
 
1. Please use the programme Image J and begin with the first image “1g” . 
2. Start at gridline number 1. Use the measuring tool to draw a line from the inner 


















































3. Press ‘Ctrl’ and ‘M’ together- a value corresponding to the length of your drawn 
line (ie: sealer penetration) will appear in the ‘results table’.  
4. Repeat steps 2 and 3 above for each gridline (1-12). You should have a total of 
12 measurements for each image.  
5. Once the image is completed, minimise the screen and start on the next image 
“2g”. 
6. Repeat steps 2-5 above for each of the 15 images.   
7. Once all 15 images are completed, save the results table as an excel file by 











Example of measuring tool 
used to draw a line from the 
inner red circle to outermost 
red point along he gridline. 
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11.7   Instructions for SEM image analysis (adaptation quality)  
 
1. Please use the power-point slides of SEM images (x400). 
2. Record results in the table provided.  
3. Record the quality of sealer or ProRoot MTA adaptation to dentine for each 
image using the descriptors below. 
4. Ignore artefactual cracking of dentine. 
5. Please refer to the completed examples for guidance. 
 
Sealer adaptation descriptors  
 
 
Please note- images are from different areas of cross sections of roots (4 images were 
taken per section corresponding to buccal, lingual, mesial and distal). To aid in 
orienting images have been labelled.   
D= Dentine 
S= Sealer 







Good The majority of the section shows no gaps between sealer and 
dentine. Sealer can be seen penetrating into dentinal tubules. 
Reasonable The section shows some small gaps (<10 µm) between sealer 
and dentine. 
Poor The section shows many gaps (>10 µm) between the sealer and 
dentine. 
Absent The majority of the section shows no adaptation between the 
sealer and dentine.   
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The majority of the 
section shows no 
gaps between 
sealer and dentine. 
Sealer can be seen 
penetrating into 
dentinal tubules. 
Arrow points to 
gap in the sealer-
dentine interface 




The majority of 




dentine.   
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Image  Adaptation Quality  
(good, reasonable, poor, absent) 
Comments (if any) 
1   









































Crack Class Description 
1. Complete canal Crack emerges from the canal space and extends to outer root 
surface. 
2. Incomplete canal Crack emerges from the canal space and extends partially into 
 
radicular dentine but ends short of the external root surface. 
3. Cemental Crack radiating from cemental surface to cemento-dentinal 
junction and into dentine. 
4. Intradentine BL Crack confined to dentine and runs in a bucco-lingual direction either 
 
mesial or distal to the canal. 
5. Intradentine MD Crack confined to dentine and runs in a mesio-distal direction either 
 
buccal or lingual to the canal. 
 
11.8   Instructions SEM image analysis (apical cracks)  
 
1. Please use the power-point slides of SEM images (x25). 
2. Record presence or absence of cracks on the image (1 = cracks present, 2 = no 
cracks) 
3. Record the total number of cracks present. 
4. Record crack location (M, D, B or L). Use the black grid segments for reference. 
If multiple cracks are present, record location of each crack.  
5. For each crack note down the number (1-5) corresponding to its class. Use the 






































Cracks present?  
(1=yes, 2= no) 
Total number 
of cracks 
Crack location  
(M, D, B or L) 
Crack 
classification 
(1, 2, 3, 4 or 5) 























present?   
(1 = crack, 
 2 = no crack) 
Total number 
of cracks 
Crack location  
(M, D, B or L) 
Crack 
classification 
(1, 2, 3, 4 or 5) 
1gr     
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11.10   Abstract accepted for publication in the International 
Endodontic Journal  
 
Crack formation following root-end preparations in roots with the butterfly effect. 
 
Russell AA* , Chandler NP , Friedlander LT 
Sir John Walsh Research Institute, Faculty of Dentistry, University of Otago, Dunedin, New 
Zealand 
 
Aim The butterfly effect is an optical phenomenon seen in some cross-sections of roots. The 
aim was to investigate apical crack formation in roots with the effect following root-end 
resection and ultrasonic preparation. The effect of obturation material on crack formation was 
also studied.   
 
Method Forty extracted single-rooted teeth were decoronated at the cemento-enamel junction 
and coded according to the presence or absence of the butterfly effect using light microscopy 
(x10). Canals were prepared using ProTaper Next (Dentsply Maillefer) to size X3 and randomly 
assigned to two obturation groups (gutta-percha (GP) and AH Plus, and ProRoot MTA alone). 
Each group contained 20 roots (10 butterfly, and 10 non-butterfly). Roots were resected 
perpendicular to their long axis, 3 mm from the apex and root-end cavities cut using ultrasonic 
retrotips. Resin replicas of the root-ends were used for crack analysis from SEM images (x25). 
The Chi-squared test was used for data analysis using the Stata 13.1 program.  
 
Results Cracks occurred more frequently in butterfly effect roots (80%) than those without 
(20%), a significant difference (P = 0.001). Most cracks (73%) ran buccolingually. Teeth 
obturated with MTA developed fewer cracks (40%) compared to those filled with GP and AH 
Plus (60%), but this finding did not reach significance (P = 0.206).  
 
Conclusions Root-ends with the butterfly effect suffered more buccolingual cracks following 
resection and ultrasonic root-end preparation. This might explain the development and 
prevalence of some vertical root fractures. MTA obturation may protect against crack formation.  
 
Acknowledgment Supported by a University of Otago Fuller Scholarship. Miss Liz Girvan of 
the Otago Centre for Electron Microscopy is thanked for her guidance. 
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11.12   Abstract accepted for publication in Journal of Dental 
Research 
 
The Butterfly Effect: An investigation of sealer adaptation and penetration in filled root canals. 
 
Aim The aim is to investigate the quality of adaptation and depth of penetration of root canal 
sealers (AH Plus, EndoREZ®, Kerr Pulp Canal Sealer, MTA Fillapex) and ProRoot MTA into 
the bucco-lingual and mesio-distal aspects of roots with and without the butterfly effect.  
 
Methodology 120 extracted single-rooted teeth were decoronated at the cemento-enamel 
junction. Roots were viewed under a light microscope (x10) and coded according to the 
presence or absence of the butterfly effect. Canals were prepared using ProTaper Next 
instruments to size X3 and 100 roots randomly assigned to five obturation groups (gutta-percha 
with AH Plus, gutta-percha with EndoREZ®, guta-percha with Kerr Pulp Canal Sealer, gutta-
percha with MTA Fillapex and ProRoot MTA alone). Each contained 10 butterfly, and 10 non-
butterfly roots. Control groups of (10 butterfly and 10 non-butterfly) prepared roots were used 
to confirm smear layer removal. Roots were embedded in resin then cut to yield coronal and 
middle sections. Debris was removed using 15% EDTA and 5.25% NaOCl. Sections were 
observed with confocal laser scanning microscope (CLSM) (x10) and bird’s eye-view images 
taken. Depth of sealer penetration was measured using Image J software. Sections were then 
observed with SEM (x400) and images taken from the dentine-sealer or ProRoot MTA 
interface. Adaptation was scored as good, reasonable, poor or absent. Statistical analyses were 
completed with Stata 13.1 (StataCorp, College Station, TX, USA). 
 
Results Teeth with the butterfly effect had greater penetration bucco-lingually (766.25 µm) 
compared to mesio-distally (184.09 µm), a significant difference (P = 0.003). In contrast, teeth 
without the butterfly effect had no significant difference between bucco-lingual (385.78 µm) 
and mesio-distal (387.03 µm) penetrations (P = 0.98). Teeth with the butterfly effect had 
significantly superior penetration bucco-lingually compared to teeth without the effect (P = 
0.01) and significantly inferior penetration mesio-distally (P = 0.008). Coronal sections had the 
best mean penetration (430.79 µm) compared to middle sections (247.25 µm), a significant 
difference (P = 0.006). Adaptation was also significantly more favourable in coronal sections 
(78% good or reasonable) than middle sections (57% good or reasonable) (P = 0.0012). Depth 
of penetration and quality of adaptation varied between the sealer groups and ProRoot MTA, 
however these did not reach significance (P > 0.05).   
 
Conclusion The butterfly effect influences sealer penetration and adaptation inside root canals. 
Roots with the butterfly effect have superior penetration bucco-lingually. This may enhance 






































































11.14   Abstract of manuscript for publication in European 
Endodontic Journal 
 
Crack formation following root-end preparations in roots with the butterfly effect. 
 
Introduction Root sections exhibiting the butterfly effect have harder dentine 
mesiodistally and could develop more buccolingual cracks.  
 
Aim To investigate apical cracks in roots exhibiting the effect following resection and 
ultrasonic preparation. The effect of obturation material was also studied. It was 
hypothesised that roots with the effect would develop more cracks buccolingually. 
 
Methods  Forty extracted single-rooted teeth were decoronated at the cemento-enamel 
junction. Roots were viewed under a light microscope and coded according to the 
presence or absence of the butterfly effect. Canals were prepared using ProTaper Next 
instruments to size X3 and assigned to two obturation groups (gutta-percha (GP) and 
AH Plus, and ProRoot MTA alone). Each contained twenty roots (ten butterfly, and ten 
non-butterfly). Roots were resected perpendicular to their long axis, 3 mm from the 
apex and cavities cut using ultrasonic retrotips. Resin replicas were used for crack 
analysis from scanning electron micrographs. Analyses were completed with Stata 13.1 
(StataCorp, College Station, TX, USA).  
 
Results Cracks occurred more frequently in teeth with the butterfly effect (80%), a 
significant difference (P = 0.001). Most cracks (73%) ran buccolingually. Teeth 
obturated with ProRoot MTA developed fewer cracks. 
 
Conclusions Root-ends with the butterfly effect had a significantly higher number of 
buccolingual cracks following resection and ultrasonic root-end preparation. This might 
explain the development of some vertical root fractures, which usually run 
buccolingually. Obturation with MTA may be protective, but further research is needed. 
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11.15   Raw data and tables 
 





Adaptation quality  
































TOTAL 21 19 10 0 
Non-
butterfly 
MTA Fillapex®  
AH Plus®  
EndoREZ®  
ProRoot® MTA 











































Adaptation quality  
Good Reasonable Poor Absent 
Butterfly 
MTA Fillapex® 
AH Plus®  
EndoREZ®  
ProRoot® MTA  


























TOTAL 11 17 18 4 
Non-
butterfly 
MTA Fillapex®  
AH Plus®  
EndoREZ®  
ProRoot® MTA 


























TOTAL 11 18 18 3 
 
 
Sealer or ProRoot MTA penetration coronal sections 








  2 368.81 354.27 
  3 359.29 350.16 
  4 364.89 355.78 
  5 366.01 351.98 
  6 363.75 352.11 
  7 365.97 353.46 
  8 367.4 350.88 
  9 369.38 349.76 
  10 367.49 348.78 




  2 747.56 157.89 
  3 745.93 156.72 
  4 750.21 155.93 
  5 749.11 157.7 
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  6 747.79 159.31 
  7 748.12 155.28 
  8 746.15 157.55 
  9 745.98 154.96 
  10 750.02 158.65 




  2 520.61 535.37 
  3 555.39 562.45 
  4 530.82 539.27 
  5 561.25 598.31 
  6 518.32 513.01 
  7 570.95 567.48 
  8 551.46 560.74 
  9 568.13 571.03 
  10 571.6 525.35 




  2 1101.91 188.31 
  3 984.39 174.22 
  4 1053.63 201.54 
  5 992.45 180.03 
  6 991.83 191.29 
  7 1032.76 180.74 
  8 967.28 179.38 
  9 1027.02 181.23 
  10 1001.36 188.89 




  2 410.56 409.02 
  3 405.99 412.67 
  4 399.01 402.19 
  5 402.37 400.88 
  6 406.25 398.72 
  7 400.93 411.8 
  8 398.6 441.21 
  9 412.07 418.59 
  10 415.59 422.91 




  2 1002.65 335.01 
  3 890.01 298.75 
  4 981.37 342.38 
  5 1000.81 351.43 
  6 976.43 320.91 
  7 989.52 315.62 
  8 925.06 321.03 
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  9 977.33 312.66 
  10 986.05 291.18 




  2 310.44 308.03 
  3 320.07 335.69 
  4 297.89 271.49 
  5 319.94 249.02 
  6 322.79 383.84 
  7 308.72 361.37 
  8 316.76 321.25 
  9 313.75 297.17 
  10 314.42 315.89 




  2 620.85 98.31 
  3 615.77 121.98 
  4 691.89 113.74 
  5 535.21 106.93 
  6 723.23 108.34 
  7 566.55 82.72 
  8 656.08 116.41 
  9 622.51 103.76 
  10 629.96 106.59 
ProRootMTA 




  2 278.37 291.44 
  3 289.02 211.19 
  4 312.13 339.59 
  5 289.15 320.76 
  6 297.11 312.74 
  7 290.48 323.91 
  8 294.26 308.42 
  9 292.85 299.24 
  10 293.16 301.27 




  2 422.32 113.82 
  3 500.18 160.08 
  4 485.07 102.37 
  5 495.52 145.98 
  6 446.34 173.33 
  7 487.32 189.14 
  8 463.91 175.27 
  9 472.69 145.23 
  10 470.73 151.96 
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Sealer or ProRoot MTA penetration middle sections 
Group Tooth BL  Average BL  MD Average 
MD 




  2 157.89 162.23 
  3 152.18 150.44 
  4 149.76 155.82 
  5 159.03 162.91 
  6 153.27 159.02 
  7 160.84 170.37 
  8 135.09 160.22 
  9 158.01 181.94 
  10 152.91 170.48 




  2 520.55 31.62 
  3 608.75 49.87 
  4 537.09 55.92 
  5 417.18 38.07 
  6 559.2 35.83 
  7 602.53 39.94 
  8 514.89 47.08 
  9 544.01 33.06 
  10 537.55 21.19 




  2 300.88 303.45 
  3 305.12 310.69 
  4 297.98 275.21 
  5 301.68 298.35 
  6 320.15 334.41 
  7 302.44 280.67 
  8 305.43 305.81 
  9 304.3 288.23 
  10 304.56 293.11 




  2 914.52 57.98 
  3 1054.81 59.85 
  4 980.63 64.78 
  5 979.01 56.15 
  6 951.33 66.41 
  7 974.7 58.03 
  8 853.47 62.74 
  9 989.86 60.92 
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  10 959.55 61.43 




  2 157.29 152.32 
  3 153.81 160.59 
  4 159.81 155.48 
  5 149.31 150.61 
  6 161.91 185.17 
  7 151.41 143.21 
  8 157.41 165.61 
  9 152.16 157.22 
  10 158.66 159.07 




  2 712.41 87.49 
  3 822.66 61.6 
  4 660.87 95.03 
  5 894.15 86.27 
  6 714.29 101.64 
  7 697.65 77.92 
  8 778.53 89.65 
  9 748.19 85.25 
  10 754.94 86.23 




  2 92.15 92.35 
  3 95.28 101.25 
  4 101.55 87.66 
  5 126.18 112.87 
  6 109.13 105.86 
  7 95.54 94.29 
  8 98.06 100.89 
  9 104.39 98.45 
  10 103.01 98.93 




  2 505.12 59.49 
  3 506.7 66.32 
  4 498.31 48.6 
  5 530.97 79.42 
  6 484.59 42.51 
  7 523.24 73.86 
  8 501.15 54.78 
  9 509.44 62.47 
  10 507.6 60.76 
ProRootMTA 





  2 88.61 99.02 
  3 91.64 87.43 
  4 92.24 104.3 
  5 91.18 80.81 
  6 92.46 102.67 
  7 90.54 94.35 
  8 93.11 94.83 
  9 91.49 95.61 
  10 91.86 93.76 




  2 260.91 59.7 
  3 248.04 33.46 
  4 259.57 87.02 
  5 245.92 36.95 
  6 262.3 79.57 
  7 249.65 44.01 
  8 255.16 64.93 
  9 253.85 56.13 
  10 254.14 58.5 
 
Inter-examiner penetration results 
 
Image Examiner 1 Examiner 2 Examiner 3 
1 486.649 463.926 482.58 
2 581.962 575.678 579.79 
3 562.324 567.504 564.21 
4 57.504 54.514 56.13 
5 47.504 50.123 49.89 
6 63.644 56.447 62.97 
7 413.897 399.235 408.14 
8 83.761 71.956 78.32 
9 198.616 196.321 198.71 
10 53.231 57.788 54.2 
11 60.886 59.351 58.15 
12 62.285 56.447 59.53 
13 233.086 236.662 234.68 
14 283.585 286.472 283.99 
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Quality of adaptation coronal sections 
Group (coronal) Tooth good reasonable poor Absent  
EnR NB  1 1       
  2 1       
  3   1     
  4   1     
  5 1       
  6     1   
  7     1   
  8   1     
  9     1   
  10   1     
  Total 3 4 3 0 
ENR B 1     1   
  2   1     
  3 1       
  4   1     
  5   1     
  6     1   
  7   1     
  8 1       
  9 1       
  10   1     
  Total 3 5 2 0 
AH+ NB 1 1       
  2   1     
  3 1       
  4 1       
  5 1       
  6 1       
  7 1       
  8   1     
  9 1       
  10     1   
  Total 7 2 1 0 
AH+ B 1 1       
  2 1       
  3   1     
  4 1       
  5 1       
  6   1     
  7 1       
  8 1       
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  9   1     
  10     1   
  Total 6 3 1 0 
Fillapex NB 1 1       
  2       1 
  3 1       
  4     1   
  5 1       
  6 1       
  7   1     
  8     1   
  9   1     
  10 1       
  Total 5 2 2 1 
Fillapex B 1     1   
  2     1   
  3   1     
  4 1       
  5 1       
  6     1   
  7   1     
  8 1       
  9 1       
  10   1     
  Total 4 3 3 0 
PulpCS NB 1     1   
  2 1       
  3   1     
  4 1       
  5   1     
  6   1     
  7   1     
  8     1   
  9     1   
  10     1   
  Total 2 4 4 0 
PulpCS B 1   1     
  2   1     
  3 1       
  4 1       
  5   1     
  6     1   
  7 1       
  8   1     
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  9     1   
  10     1   
  Total 3 4 3 0 
ProRootMTA 
NB 1 1       
  2 1       
  3 1       
  4 1       
  5   1     
  6 1       
  7   1     
  8 1       
  9   1     
  10     1   
  Total 6 3 1 0 
ProRoot MTA B 1   1     
  2 1       
  3 1       
  4     1   
  5   1     
  6 1       
  7   1     
  8 1       
  9 1       
  10   1     
  Total 5 4 1 0 
 
Quality of adaptation middle sections 
Group (middle) Tooth good reasonable poor Absent  
EnR NB  1   1     
  2 1       
  3   1     
  4   1     
  5   1     
  6     1   
  7     1   
  8     1   
  9     1   
  10     1   
  Total 1 4 5 0 
ENR B 1       1 
  2     1   
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  3   1     
  4   1     
  5   1     
  6     1   
  7     1   
  8   1     
  9   1     
  10     1   
  Total 0 5 4 1 
AH+ NB 1   1     
  2     1   
  3 1       
  4     1   
  5 1       
  6   1     
  7 1       
  8   1     
  9 1       
  10     1   
  Total 4 3 3 0 
AH+ B 1   1     
  2 1       
  3   1     
  4 1       
  5   1     
  6     1   
  7 1       
  8 1       
  9   1     
  10     1   
  Total 4 4 2 0 
Fillapex NB 1 1       
  2       1 
  3 1       
  4     1   
  5   1     
  6   1     
  7   1     
  8     1   
  9   1     
  10   1     
  Total 2 5 2 1 
Fillapex B 1     1   
  2     1   
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  3     1   
  4 1       
  5 1       
  6     1   
  7   1     
  8 1       
  9   1     
  10     1   
  Total 3 2 5 0 
PulpCS NB 1     1   
  2   1     
  3     1   
  4   1     
  5   1     
  6   1     
  7     1   
  8     1   
  9     1   
  10     1   
  Total 0 4 6 0 
PulpCS B 1     1   
  2     1   
  3 1       
  4   1     
  5   1     
  6     1   
  7   1     
  8   1     
  9       1 
  10     1   
  Total 1 4 4 1 
ProRootMTA 
NB 1 1       
  2 1       
  3 1       
  4 1       
  5   1     
  6     1   
  7     1   
  8   1     
  9       1 
  10       1 
  Total 4 2 2 2 
ProRoot MTA B 1       1 
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  2 1       
  3 1       
  4       1 
  5     1   
  6 1       
  7   1     
  8     1   
  9   1     
  10     1   
  Total 3 2 3 2 
 
Overall quality of adaptation (percentage) 
 
Group (coronal) Good  Reasonable Poor Absent  
AH Plus NB 7 2 1 0 
AH Plus B 6 3 1 0 
ProRoot MTA NB 6 3 1 0 
ProRoot MTA B 5 4 1 0 
EndoREZ® NB 3 4 3 0 
EndoREZ® B 3 5 2 0 
Pulp Canal Sealer 
NB 2 4 4 0 
Pulp Canal Sealer B 3 4 3 0 
MTA Fillapex NB 5 2 2 1 




    
     Group (middle) Good Reasonable Poor Absent  
AH Plus NB 4 3 3 0 
AH Plus B 4 4 2 0 
ProRoot MTA NB 4 2 2 2 
ProRoot MTA B 3 2 3 2 
EndoREZ® NB 1 4 5 0 
EndoREZ® B 0 5 4 1 
Pulp Canal Sealer 
NB 0 4 6 0 
Pulp Canal Sealer B 1 4 4 1 
MTA Fillapex NB 2 5 2 1 
MTA Fillapex B  3 2 5 0 
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Inter-examiner quality of adaptation results 
image#  Consensus examiner 1 examiner 2 examiner 3 
1 poor poor poor poor 
2 good good reasonable good 
3 good good good good 
4 good good good good 
5 no adaptation no adaptation no adaptation no adaptation 
6 reasonable reasonable poor reasonable 
7 reasonable reasonable reasonable good 
8 good good reasonable good 
9 reasonable reasonable reasonable reasonable 
10 good good good good 
11 poor poor poor good 
12 good good good good 
13 good good good good 
14 no adaptation no adaptation no adaptation no adaptation 




Group Tooth#  DOM  after 
resection 
1= crack 2= 
no crack 


















1 2 1 1 1 BL 1 
2 2 2 1 1 BL 1 
3 2 1 1 2 BL,MD 1,2 
4 2 1 1 1 BL 1 
5 2 1 1 1 BL 1 
6 2 1 1 1 BL 1 
7 2 1 1 1 BL 1 
8 2 1 1 1 BL 1 
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9 2 1 1 2 BL, MD 1,2  




1 2 2 2    
2 2 2 2    
3 2 2 2    
4 2 1 1 1 MD 5 
5 2 1 1 1 MD 2 
6 2 2 2    
7 2 2 2    
8 2 2 2    
9 2 2 2    
10 2 2 2    
ProRoot 
MTA B 
1 2 2 2    
2 2 1 1 1 BL 2 
3 2 1 1 1 BL 2 
4 2 2 2    
5 2 2 2    
6 2 1 1 1 BL 2 
7 2 1 1 1 BL 3 
8 2 1 1 1 BL 5 
9 2 2 1 1 BL 5 




1 2 2 2    
2 2 2 2    
3 2 2 2    
4 2 1 1 1 MD 5 
5 2 2 2    
6 2 1 1 1 MD 5 
7 2 2 2    
8 2 2 2    
9 2 2 2    
10 2 2 2    
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Inter-examiner cracks results (1 = crack, 2 = no crack) 
 
Image  examiner 1 examiner 2 examiner 3 
1 2 2 2 
2 2  2 2 
3 1 1 2 
4 1 2 1 
5 2 2 2 
6 2 2 2 
7 1 1 1 
8 1 2 1 
9 2 2 2 
10 2 2 2 
 
